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 Abstract 
 
Attaining 2D Black Phosphorus and Investigations into Floating-Electrode  
 
Dielectric Barrier Discharge Treatment of Solutions 
 
Joshua Benjamin Smith 
 
 
 
 
Since the discovery and isolation of the 2D carbon allotrope, graphene, research 
into additional 2D materials has significantly expanded. Electrical components continue 
to decrease in size so there is an ever-growing need for smaller circuitry to keep up with 
the demand. Research with graphene and additional 2D layered materials, such as 
transition metal dichalcogenides, brought about a realization of many unique properties 
that have never been previously explored for applications in electronics, photonics, and 
optoelectronics.  Phosphorene, a novel 2D material isolated from bulk black phosphorus, 
is an intrinsic p-type material with a variable band gap for a variety of applications. 
However, these applications are limited by the inability to isolate films of phosphorene. 
This work investigates some of the previously found techniques for use with graphene 
isolation and their adaptations to phosphorene. Isolation of phosphorene from black 
phosphorus was investigated by exfoliation from bulk, chemical vapor deposition, and 
thin film conversion.  
Mechanical exfoliation with a tape method, drawing method, and tape/drawing 
method were used to isolate few-layer black phosphorus samples from bulk material. 
These methods were also briefly compared to liquid exfoliation of black phosphorus. A 
chemical vapor deposition approach led to the discovery of a novel method for growth of 
xx 
 
amorphous red phosphorus thin films from bulk red phosphorus/black phosphorus. An in 
situ chemical vapor deposition type approach was developed using these thin films for 
growth of a variety of 2D phosphorus allotropes. Successful conversion has provided 
fibrous phosphorus wires and hexagons, along with violet phosphorus and eventually 
black phosphorus. This approach demonstrates progress towards direct growth of 2D 
black phosphorus onto substrates with average areas >3 µm2 and thicknesses representing 
samples around 4 layers. Thicker samples were also observed with average areas >100 
µm2. X-ray diffraction, transmission electron microscopy, and Raman spectroscopy have 
confirmed successful growth of 2D black phosphorus from red phosphorus thin films for 
potential uses in 2D semiconductor applications. 
Additionally, this work discusses some of the chemistry occurring in solution as a 
result of nonthermal plasma treatment from a floating-electrode dielectric barrier 
discharge (FE-DBD) configuration. Nonthermal plasma generation allows for the 
treatment of heat sensitive materials. This has opened up the field to numerous clinical 
applications of nonthermal plasma treatment including sterilization and wound healing 
along with potentials in dentistry, dermatology, and even food industries. FE-DBD 
plasma treatment of water was found to provide a wide-range antimicrobial solution that 
remained active following 2 years of aging. This plasma-treated water was found to 
generate a number of ROS/RNS and the formation of these components was studied and 
verified with UV/Vis and ESR spectroscopy. Enhanced effects were observed when cell 
culture medium was plasma treated, suggesting the formation of additional reactive 
species from the plasma treatment of a variety of biomolecules. It is essential to 
understand these effects for a number of reasons. The possibility to generate a wide range 
xxi 
 
of antimicrobial solutions from air, water, and basic biomolecules could provide a 
solution for those bacteria that have developed antibiotic resistances. Simultaneously, 
information into the reaction mechanisms of this FE-DBD plasma treatment can be 
investigated. All of the applications mentioned above involve complex networks of basic 
biomolecules, from skin tissue to bacteria cell walls. This work analyzes the effects of 
plasma treatment on several biomolecule solutions and simultaneously takes aim at 
understanding some of the potential mechanisms of plasma treatment. Studies were 
carried out using NMR and GC/MS. This information was used to investigate the 
possible targeted areas for FE-DBD plasma treatment and to simultaneously explain the 
antimicrobial effects.  
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Chapter 1: Attaining 2D black phosphorus 
 
1.1 Introduction to phosphorus 
 
1.1.1 Allotropes of phosphorus 
 
Phosphorus exists as four different allotropes; white, red, violet, and black. The 
violet form of phosphorus is sometimes categorized under the red allotrope, however, it 
will be discussed independently for the sake of this work. The white/yellow form of 
phosphorus exists as P4 molecules (Figure 1.1) and is extremely unstable because of rapid 
oxidation and will ignite in air to form phosphorus oxides.1 It typically is of white or 
yellow color and waxy in appearance.1,2 White phosphorus has a high solubility in 
organic solvents and can be stored under degassed water to prevent oxidation.2 White 
phosphorus was first discovered in 1669 by German alchemist Hennig Brand.2 It wasn’t 
until 1851 when the scale-up for commercial production of white phosphorus took place.2 
Up to that point, white phosphorus was primarily investigated for use of its pyrophoric 
properties and medicinal uses.2 Large-scale production of white phosphorus was 
performed using a mixture of the mineral apatite, sand, and coke in a high-temperature 
furnace to reduce the phosphate to P4.2 The use of white phosphorus has significantly 
decreased over the years, specifically after being banned from its use in matches, 
primarily because of the severe flammability and toxicity.2 
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Red phosphorus is actually comprised of quite a few forms of covalently bonded 
phosphorus atoms, all of which exhibit a reddish color and exist as amorphous to 
crystalline forms.2 Red phosphorus was first discovered in 1847 by Anton von 
Schrotter.2,3 The red form can be made by the heating of white phosphorus at 260°C in a 
closed vessel.2 Red phosphorus was believed to be primarily of the amorphous type until 
it was first crystallized from molten lead in 1867.4 Upon cooling, red colored crystals 
formed on the lead surface and formed in a variety of shapes from cubes to needles.4 
Little was known about the varieties of red phosphorus at this time. It was not until 1947 
when Roth et al. finally characterized the numerous types of red phosphorus.5 Red 
phosphorus was divided into five different forms and each was classified with differential 
thermal analysis (DTA), powder X-ray diffraction (P-XRD), and microscopic imaging.5  
Transitions from type I all the way to type IV were apparent through DTA studies as 
heating continued and respective X-ray patterns were measured for each type (Table 
1.1).5 
 
Figure 1.1 – Structures of elemental phosphorus2  
3 
 
 
 
Type I was found to form under the normal thermal conversion of white 
phosphorus from 250°C to 280°C and products obtained were amorphous.5 Types II and 
III were found to have very diffuse x-ray patterns and it was noted that a potential 
mixture could have existed, as there was a short range of temperatures in which type III 
was stable.5 Type IV form of red phosphorus was found to have very sharp diffraction 
peaks and suspected to be primarily tetragonal crystals.5 This form was further 
investigated and characterized with a high-resolution electron microscope and was 
termed “fibrous red phosphorus” after microscopic studies showed groups of fibers on the 
inside of the ampoules.6 Type V form of red phosphorus was observed as heating 
continues past 550°C and was initially predicted to exist as triclinic crystals from 
microscopic observation.2,6–8 The type V form of red phosphorus was found to match that 
of Hittorf’s phosphorus and was fully characterized to exist in monoclinic form.2,5–8 
Table 1.1 – X-Ray powder patterns of red phosphorus I, II, III, and IV5 
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Hittorf’s phosphorus, also termed violet phosphorus, is a crystalline network with 
interconnected cage structures as shown in Figure 1.1.2,9 Violet phosphorus is typically 
grouped within the red phosphorus allotrope category, but has been considered 
independent as of more recently. This form was originally discovered by Hittorf in 1865 
by heating red phosphorus in sealed tubes.2,10 Further studies led to the formation of 
violet phosphorus platelets from a recrystallization from molten lead and the crystal 
structure was identified to belong to the monoclinic space group.7 Violet phosphorus is 
predominantly made up of a phosphorus chain containing P8 and P9 cages that link 
together to form tube like structures.7  Within the same plane, these tubes form parallel to 
one another.7 A perpendicular double layer of the tube structures are formed from 
bonding at the P-21 position (Figure 1.2).7 The macroscopic platelets that were observed 
previously actually exist as a multi-layered structure with individual layers being of this 
perpendicular double layer tube form held together by van der Waals forces.7,11 
 
 
Figure 1.2 – (a) Section of a “tube” of violet phosphorus. Above: parallel perspective. 
Below: projection parallel to the tube axis (end view). (b) Schematic representation of the 
structure of violet phosphorus. The “tubes” are represented by pentagonal prisms; in parts 
of the upper layer only edge is drawn to show the linkage of the two halves of a double 
layer via atoms 21 and 21’.7 
(a) (b) 
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The last allotropic form of phosphorus also contains a layered type structure 
similar to violet phosphorus.2 Black phosphorus (BP) is a stable, semiconducting 
allotrope of phosphorus that was first discovered by Bridgman in 1914.12 BP has been 
observed in three different crystalline modifications; orthorhombic, rhombohedral, and 
cubic and also found to exist as amorphous.2 Bridgman’s discovery of BP was that of the 
orthorhombic form and was grown under high pressure conditions (1.2 GPa) from white 
phosphorus at 200°C.12 In 1965, it was discovered that the same orthorhombic form could 
be formed in solutions of white phosphorus in liquid bismuth.13 The growth of large 
single crystals of BP was first achieved using a wedge-type cubic anvil to convert red 
phosphorus to BP at high pressures.14,15 A further increase of pressure has been found to 
form the rhombohedral and cubic forms of BP.16,17 However, the orthorhombic 
crystalline form will be the primary focus of much of this work as orthorhombic BP has 
been found to exhibit numerous useful properties. Many of which are just recently 
becoming explored, such as applications as field-effect transistors (FETs) or anode 
materials for batteries.18,19 It also wasn’t until recently that a “low temperature/pressure” 
method to obtain BP was discovered. Lange et al found that BP could be grown from red 
phosphorus at 873K in a sealed ampoule in the presence of gold, tin, and tin(IV) iodide.20 
The method was then optimized to eliminate the need for additional side products and it 
was found that removal of the gold from the system still allowed for low 
pressure/temperature growth of BP.21  
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1.1.2 Black phosphorus 
 
The crystal structure of BP is composed of corrugated, continuous six-membered 
rings forming sheets of covalently bonded phosphorus atoms.22,23 Different layers are 
held together by weakly attracting van der Waals forces.2,24 This puckered structure led to 
early studies on intercalation of compounds for modification of the electrical properties22, 
however, doping of the material is not necessary, as a layer dependent band gap has been 
observed.25–27 The crystal structure of the orthorhombic form of BP with spacing for the 
(020), (040), and (060) lattice faces is shown in Figure 1.3.  
  
 
 
 
  The BP crystal structure was not worked out until 1935 by Hultgren (Table 1.2).16 
It was found that each phosphorus atom retained a distance of 2.28Å to the three 
neighboring atoms and an average bond angle of 102°.16,24 The density of the 
orthorhombic BP form was determined to by 2.70 g/cm3.16 It was noted that the 
orthorhombic form was previously believed to be similar to that of the arsenic structure, 
but it was later found that the rhombohedral form of BP was a closer match to the arsenic 
Figure 1.3 – The crystal structure of black phosphorus19
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structure.17 Increasing the pressure conditions for orthorhombic BP growth has allowed 
for the formation of the rhombohedral and cubic forms. The rhombohedral form of BP 
was found to have a density of 3.56 g/cm3 and that of the cubic form was 3.83 g/cm3.17 
 
 
 
The orthorhombic form, grown from white phosphorus under high pressures, was 
further studied by Keyes in 1953. Early electrical characterization studies showed a 
temperature dependence of the resistivity of this material (Figure 1.4a) and also found 
intrinsic p-type doping characteristics.22,28,29 Hall measurements were carried out on these 
samples and the positive value for the Hall constants verified positive charge carriers 
(Figure 1.4b).28 At lower temperatures, the major contributor for the conductivity is a 
result of the holes present, while at temperatures above 150 °C the concentration of holes 
Table 1.2 – Calculated and observed interplanar spacings and intensities for BP.16 
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and electrons are equal.28 This allowed for a measurement of the intrinsic band gap for 
the bulk black phosphorus, which was found to be 0.33 eV.28 Additionally, the material 
was found to exhibit an intrinsic hole mobility (µp) of 350 cm2/V·s, electron mobility (µn) 
of 220 cm2/V·s and resistivity (ρ) of 1.5 Ω·cm at room temperature.28 One of the major 
discoveries of this work was the verification that black phosphorus exhibits anisotropic 
behavior, in which the semiconductor properties are dependent on the crystal 
orientation.28 
 
 
These electrical characteristics of black phosphorus were further verified by 
Warschauer in 1963 and he also investigated the optical properties of the bulk crystal.29 
Low temperature measurements were carried out to obtain IR transmission spectra 
(Figure 1.5).29 Black phosphorus was found to be highly absorbing at energies above 0.35 
eV, which is in good agreement with the electrical measurements. An additional 
Figure 1.4 – (a) The resistivity of three different specimens of phosphorus as a function 
of the reciprocal of the temperature in °C.28 (b) The Hall constants of several samples as a 
function of the reciprocal of the temperature.28 
(a) (b) 
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absorption peak was observed around 21 µm, which is representative of roughly 476 cm-1 
and 0.059 eV.29 
 
 
The characterization of BP was halted predominantly because of the restricted 
size of the samples obtained. Once large crystals were grown14,15, additional 
characterization was possible. These characterization techniques were branched out to X-
ray diffraction, Raman spectroscopy, and microscopy techniques. Raman spectroscopy is 
a useful, non-destructive technique for the differentiation of phosphorus allotropes. 
Raman analysis of BP was first investigated experimentally by Sugai et al30 and 
computationally by Kaneta et al (Table 1.3).31 Kaneta predicted six Raman active modes 
and two infrared active modes, however, only four Raman active modes we observed by 
Figure 1.5 – Logarithm of the transmission of a 20-µ-thick sample of black phosphorus as 
a function of wavelength for three temperatures.29 
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Sugai.30,31 Raman resonance spectroscopy quickly became a heavily used technique for 
the analysis of BP.30–37 
 
 
 
The pressure dependence of the Raman shift was explored by Vanderborgh and 
Schiferl in 1989 and it was noted that only the A1g, A2g, and the B2g modes were 
observable at room temperature.32 Studies were carried out down to 15 K and resulted in 
slight differences in the Raman shifts of around 4 cm-1 from those run at 300 K.32. A 
significant Raman shift in the Ag1 band with a Δν ranging from 6-10 cm-1 was observed 
following application of pressure at both low and high temperatures, respectively.32 
Major shifts in the additional bands were limited to less than 2 cm-1 at lower 
temperatures.32 Sugai et al discovered the polarization dependency of the BP material for 
Raman analysis.30,33 A 514.5 nm Ar-ion laser was used in back scattering configuration 
with incident light polarized parallel to the a axis and c axis directions as the axes are 
described in Figure 1.6a.33 A clear difference in the intensity was observed as 
polarization was changed, making some modes completely visible and/or invisible 
Table 1.3 – Calculated and observed frequencies of optical Γ-phonons.31 
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(Figure 1.6b).33 Similar studies were carried out more recently and exploited as means of 
identifying the crystalline orientation, which is essential information for many 
applications of BP as the material is highly anisotropic.36  
  
 
The intrinsic band gap of the orthorhombic crystalline structure provides a variety 
of potential applications without the need for doping of the material. BP is unique in the 
fact that it exhibits anisotropic properties. Morita discovered enhanced hole mobility up 
to 50,000 cm2/Vs when measurements were carried out at 30K and the crystalline 
orientation was optimized.38 It is believed that this anisotropy will result in many other 
unique applications to be discovered. FETs have been explored with BP as the channel 
material.39–43 BP has been integrated into composite materials for use as an anode 
Figure 1.6 – (a) Normal modes of the Γ-point optical phonons in black phosphorus.33 (b) 
Polarized Raman scattering spectra of black phosphorus.33 
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material for Li batteries.19,44 BP has also been investigated for use in optoelectronics, 
such as phototransistors and photodetectors, since it maintains a band gap within the 
infrared region of the electromagnetic spectrum.42,45,46 More recently, this research has 
led to further exploration into 2D materials and Liu et al. found that crystalline BP can be 
used as a resource to produce a 2D semiconducting material, which they coined 
phosphorene.41  
1.1.3 Phosphorene 
 
BP can be exfoliated to obtain phosphorene as individual layers of sp3 hybridized 
phosphorus atoms are held together by van der Waals forces, similar to graphite and 
graphene.36,41 Numerous techniques have been explored to obtain graphene, such as 
mechanical exfoliation, liquid exfoliation, and chemical vapor deposition (CVD).47–51 
These methods can similarly be transferred to use with phosphorene. Independent 
investigations into exfoliation techniques and CVD approaches with BP will be discussed 
later in this work. The first publication on mechanically exfoliated BP to obtain 
phosphorene was performed by Liu et al in 2014.41 Prior to this work, publications were 
predominantly of theoretical background. Liu and his colleagues were able to isolate the 
phosphorene samples using the Scotch tape method.41 The structure of few-layer 
phosphorene is shown in Figure 1.7a along with the side view and top view of a single 
layer in Figure 1.7b and c, respectively.41 Liu et al used a computational approach to 
model the electronic band structure (Figure 1.7d) and found that the results were in good 
agreement with the experimentally observed layer dependent band gap Figure 1.7e. 
Similar studies were later carried out and verified a variable band gap from 0.33 eV for 
bulk and upwards of 1.0 eV for monolayer phosphorene with some studies showing 1.45 
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eV for monolayers.25,27,52 This range of a band gap is useful for a number of reasons. The 
first is that it provides a workable band gap for 2D materials between the already 
established zero band gap graphene and the transition metal dichalcogenides in the region 
of 1.5 eV.42 The second is that this band gap opens up optoelectronic applications in the 
mid- to near-infrared regions.42 This could have applications with wireless 
communication, fiber-optic communications, and even missile countermeasures for 
defense systems, as atmospheric transmission occurs within these regions.42,52–56 
 
 
 
Figure 1.7 - Crystal structure and band structure of few-layer phosphorene. (a) 
Perspective side view of few-layer phosphorene. (b,c) Side and top views of few-layer 
phosphorene. (d) DFT-HSE06 band structure of a phosphorene monolayer. (e, f) 
DFTHSE06 results for the dependence of the energy gap in few-layer phosphorene on (e) 
the number of layers and (f) the strain along the x- and y-direction within a monolayer. 
The observed band gap value in the bulk is marked by a cross in (e).41 
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Phosphorene sample characterization was very similar to that of BP. Common 
techniques included Raman spectroscopy, AFM, and even photoluminescence 
spectroscopy. AFM studies carried out by Liu et al found that individual phosphorene 
layers resulted in a height profile of around 0.85 nm, which varied from the 
computationally predicted value of 0.6 nm and similar differences were observed with 
experimental and theoretical values with graphene.41,57 Photoluminescence spectroscopy 
allows for determination of the optical band gap.41,58 These values typically represent a 
lower-end value for the electronic band gap but have been found to be closely 
representative of the electronic band gap in semiconductor materials.41,58 
Photoluminescence spectra obtained on single-layer phosphorene produced a λmax around 
855 nm (equivalent to 1.45 eV), however, it was noted that additional studies would be 
required to properly interpret the spectra.41 This still verified the increase in the band gap 
as the number of layers decreases from bulk.41 Photoluminescence spectra were also 
obtained by Zhang et al and were able to measure the band gap dependence for two to 
five-layer phosphorene and found that these corresponded to energy values of 1.29 to 
0.80 eV, respectively (Figure 1.8).58 They were able to protect the samples from 
oxidative damage by maintaining a slow flow of nitrogen gas in a sealed chamber.58  
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Similarly, as for BP, Raman spectroscopy is a common technique for determining 
the presence of phosphorene. An angular dependence and temperature dependence of 
few-layer phosphorene was observed by Zhang et al.58 The temperature dependence was 
studied with a five-layer phosphorene sample and resulted in all three modes being blue 
shifted as temperature decreased.58 It was also common throughout the literature to 
observe a slight layer-dependent Raman shift as a result of decreasing thickness of the BP 
samples.35,41,42,59 These effects of temperature and layer-dependence originate from the 
corrugated structure of the phosphorus atoms.58 The angular dependence is a result of the 
anisotropic crystal structure and similarly caused by the unique structure, as was 
mentioned previously with the bulk BP.35,36,58 Zhang et al investigated the polarization 
angle and the sample rotation angle for the effects on the Raman mode intensities (Figure 
1.9).58 Figure 1.9c shows the atomic displacements for the Raman-active modes showing 
the A1g (out-of-plane), B2g (in-plane), and A2g (in-plane).58 This depiction shows the 
orientations with the x-axis along the “zig-zag” direction and the y-axis along the “arm-
chair” direction.58 This polarization effect was exploited by both Wu et al and Zhang et al 
Figure 1.8 - Photoluminescence (PL) spectra of thin-layer phosphorene. (a) PL spectra of 
2L, 3L, 4L, and 5L phosphorene. (b) Energy gap of 2L, 3L, 4L and 5L phosphorene from 
experimental PL spectra and theoretical simulation.58 
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as a method to determine the crystalline orientation of the samples on a substrate.36 The 
intensities of the B2g and the A2g peaks can be compared to one another. The signal 
intensities vary as the angular polarizations are parallel to the axis of the vibrational 
directions (Figure 1.9b).58 To determine the crystalline orientation, incremental angle 
polarizations can be used to find a maximum in the intensity which describes the 
orientation along that axis.42,58 A similar angle-resolved Raman study was carried out by 
Xia et al, however a heightened effect on the A1g intensity was observed in the y-
direction.42 They observed a similar intensity relationship with thicknesses down to 3 nm 
and no change in Raman shift from polarization.42 
 
Figure 1.9 – Phosphorene crystalline orientation determination by polarization Raman 
spectra. (a) Raman spectra of 15-layer phosphorene under different polarization angles. 
(b) Polarization dependence of A1g, B2g, and A2g Raman modes and the Raman peaks in 
silicon. (c) Schematic plot showing the vibration directions of A1g, B2g, and A2g Raman 
modes. (d) Crystalline orientation of the 15-layer phosphorene flake, determined by 
angle-dependent Raman measurement.58 
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This crystalline orientation and anisotropic character can also be observed via 
electrical measurements. Xia et al fabricated 12 electrodes on top of a 30 nm thick BP 
sample at 30° spacing and acquired conductance measurements across each diagonal 
pair.42 The highest conductivity was observed along the arm-chair direction of the 
material with the lowest conductivity in the zig-zag direction, as shown in Figure 1.9d.42 
The ratio of the conductivities was found to be around 1.5 for σarm-chair/σzig-zag, which can 
also correspond to the ratio of mobilities (µarm-chair/µzig-zag).42 Actual mobility 
measurements can be determined by depositing Hall bar configured electrodes and 
acquiring Hall mobilities in the presence of a perpendicular magnetic field.42  The Hall 
mobility was found to exceed 1000 cm2/Vs at low temperatures for a 15 nm thick sample, 
while reaching upwards of 600 cm2/Vs for a 8 nm thick sample.42 These measurements 
were also in agreement with the crystalline orientation dependence showing the highest 
mobility in the arm-chair direction, however, a slightly larger ratio of 1.8 times was 
observed for µarm-chair/µzig-zag.42   
 
18 
 
 
 
Another way to determine mobility is through transistor measurements. The first 
application of phosphorene was the material’s use as a FET.41 The use of phosphorene 
and BP as the channel material provides gate-controllable Schottky barriers where the 
material comes into contact with the metal electrodes.60 These FETs can be classified as 
Schottky barrier FETs.60 The standard schematic for this FET design is shown in Figure 
1.10b inset with the primary components consisting of source and drain electrodes, a 
channel material, an oxide insulating layer, and a bottom gate.42 Liu et al constructed the 
first BP-based FET with the typical three-terminal device setup and patterned titanium 
electrodes with a 1.0 µm gap (channel length) onto the desired few-layer phosphorene 
samples on 90 nm SiO2 layer/Si substrates.41 Xia et al similarly constructed FET devices 
constructed with few-layer phosphorene as the channel material and the measurements 
are shown in Figure 1.10. The output and transfer curves of the transistor studies by Liu 
et al are shown in Figure 1.11a and b, respectively. Output curves plot the respective I-V 
Figure 1.10 - Transfer characteristics of a FET with a channel length of 1 μm using a BP 
thin film of around 5 nm thick. IDS and VBG are source-drain current and back gate bias, 
respectively. Left and right axes represent linear and logarithmic scale, respectively. 
Inset: on-off current ratio as a function of BP thickness. (b) Output characteristics of the 
same transistor showing current saturation. VDS is the drain-source bias. All the 
transistors have channel length of 1 μm. Inset: a schematic view of the transistor.42 
(a) (b) 
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curves between the source and drain of the transistor with varying gate voltages applied 
between individual measurements.41 One can deduce p-type characteristic of phosphorene 
from the increase in current as the negative gate is applied.41 The transfer plots represent 
the current output between the source and drain as the gate voltage is varied with a 
stationary source voltage applied for all measurements.41 The field-effect mobility can be 
inferred from the transfer plots by determining the slope from the linear region of the 
transfer plots and use of the following equation: 
µFE = (dIds/dVbg)·(L/CoxWVds),     (1) 
where µFE is the field-effect mobility, Ids is the current between the source and drain, Vbg is 
the back gate bias, L is the channel length, Cox is the capacitance of the gate oxide layer, 
W is the width of the transistor, and Vds is the voltage between the source and drain.41,42 
The slope from the linear region of the transfer plot is equivalent to the dIds/dVbg  term and 
the oxide capacitance varies on oxide thickness. Liu et al found a µFE of 286 cm2/Vs for a 
5 nm thick sample, while Xia et al recorded a µFE of 205 cm2/Vs for a sample of the same 
thickness. Differences between these measurements can most likely be explained by 
variations in the surface environment, as few-layer phosphorene samples have 
represented instability, or slightly different crystalline orientation, as different 
conductivities have been noted along different directions.41 Also, different materials were 
used for the electrodes, which will result in a difference in the Shottky barrier height at 
the metal/phosphorene interface and can result in different contact resistances that will 
significantly contribute to differences in mobility.41,42 Additionally, the Ion/Ioff ratio can 
be extracted from the log plot of the transfer plots data.41,42 Figure 1.11d shows the Ion/Ioff 
ratios with respect to sample thickness with the largest ratios observed with thin films.41 
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1.1.4 Motivation for this work 
 
The isolation of graphene from bulk graphite by the Manchester group in 2004 
has led to extensive research in the field of 2D materials and their applications.47 2D 
materials have become of great interest as circuitry begins to decrease in size. 
Applications have been investigated in areas including field-effect transistors61–65, 
photodetectors63,66,67, solar cells68,69, etc. One of the issues with single layer graphene is 
that it is intrinsically a zero band gap conductor62,70, i.e. it cannot be switched off. For use 
in electronic devices that require a semiconductor, doping of graphene is necessary. 
Today, materials researchers continue to search for new 2D materials with applications in 
various fields such as energy, biology, environmental etc. Some examples rose from the 
Figure 1.11 – Device performance of p-type transistors based on few-layer phosphorene. 
Output (a) and transfer (b) curves of a typical few-layer phosphorene transistor with a 
film thickness of ~5 nm. (c) Mobility summary of few-layer phosphorene and black 
phosphorus thin film transistors with varying thicknesses compared to computational 
models. (d) Current on/off ratio summary of few-layer phosphorene and black 
phosphorus thin film transistors with varying thicknesses.41 
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transition metal dichalcogenides; MoS2, WS2, WSe2, MoSe2, but aside from carbon, there 
are few examples of 2D materials isolated from elemental allotropes.  
The orthorhombic form of BP is similar to graphite not only in appearance but 
also as a layered structure, which allows this material to be exfoliated in a similar 
manner. BP has an intrinsic band gap that has been found to be layer-dependent, which 
makes this material very desirable for uses in electronic devices.25 This work investigates 
these applications of mechanical exfoliation and CVD approaches to obtain 2D BP for 
semiconductor applications. The major limitation with graphene applications was 
controllable growth of large area graphene. Similarly, as to graphene, phosphorene is also 
limited by methods to obtain large area films. The primary goal of this work is attaining 
2D BP directly from the growth of 2D amorphous red phosphorus. 
1.1.5 Overview and organization of Chapter 1 
 
Chapter 1 begins with a discussion of the different allotropes of phosphorus in 
section 1.1.2 by discussing the differences between white, red, violet, and black 
phosphorus. This discussion was geared to explaining the primary differences among 
allotropic forms of phosphorus along with the typical methods of growth for the different 
allotropes. The primary focus of this work on black phosphorus and phosphorene leads 
into sections 1.1.3 and 1.1.4, respectively. Black phosphorus exists in a layered form with 
many similarities to graphite and isolation of an individual layer leads to phosphorene. 
The first part of this work investigates a top-down approach using the techniques to 
obtain graphene and their adaptations towards phosphorene. Experiments first began on 
exfoliation methods (section 1.2). Mechanical exfoliation was performed using a tape 
method, drawing method, and combinatorial tape/drawing method and liquid exfoliation 
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was briefly investigated. A variety of characterization techniques were utilized 
throughout this work to characterize the samples on the desired substrate, from AFM to 
Raman. Electrical characterization of the samples showed the applicability as FET 
devices with variable electron mobility based on sample thicknesses. We demonstrate 
many of the difficulties with the described methods and begin to investigate alternative 
methods, such as direct growth of the material on the substrates.  
The second part of the phosphorus project is more of a bottom-up approach in 
attempts to grow the material directly onto the substrate. Attempts with chemical vapor 
deposition of black phosphorus provided a method of obtaining thin films of amorphous 
red phosphorus that could be adapted to any desirable surface (section 1.3). Much of this 
work is focused on the use of these amorphous red phosphorus thin films for conversion 
to black phosphorus or few-layer phosphorene. The first discussion of direct conversion 
of the 2D film is described in section 1.4. These attempts led to the discovery of 
phosphorus microwires and their characterization and application as a FET is discussed. 
Section 1.5 discusses these efforts further through the use of a pressure vessel reactor and 
a tube furnace. The effects of temperatures and starting pressures are discussed and a 
variety of allotropes were found to form from these red phosphorus thin films.  
1.1.6 Contributions of phosphorus work 
 
This dissertation shows independent studies that were carried out into the investigation of 
exfoliation methods adapted from use with graphite/graphene to black 
phosphorus/phosphorene. Additionally, this work highlights a method for obtaining a 
bottom-up approach for growth of BP and additional phosphorus allotropes directly from 
red phosphorus thin films. The highlights of this work are listed below: 
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• Mechanical exfoliation with tape was used to obtain 10 nm thick BP samples.  
• A tape/drawing method was developed for a more targeted approach and resulted 
in few-layer phosphorene sample of 3 nm thick. 
• Electrical characterization of these samples was carried out and FET devices were 
constructed 
• A novel method for growth of amorphous red phosphorus thin films was 
developed 
• Phosphorus wires were grown in lengths exceeding 1 mm while maintaining a 
few micron’s thicknesses 
• Thin films of red phosphorus were utilized for growth of a variety of phosphorus 
allotropes 
• A novel method for conversion of red phosphorus thin films to black phosphorus 
was developed in a pressure vessel reactor 
1.2 Exfoliation from bulk 
 
1.2.1 Introduction 
 
When the wonder material graphene was first discovered, a massive amount of 
research went into obtaining the material from a top-down method by separation from the 
bulk. Isolation of individual layers of 2D materials has been investigated for years with 
many of the transition metal dichalcogenides (TMD), however, this momentum once 
again picked up as soon as graphene was isolated.71,72 This work began with mechanical 
exfoliation with Scotch brand tape and yielded the first ever isolated sample of 
graphene.47 The initial work paved the way for additional 2D materials becoming 
discovered and further explored as desirable properties were observed as the materials 
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decreased in thicknesses. Mechanical exfoliation was utilized throughout a number of 
studies to produce sensors, transistors, and even liquid crystal devices.70,73–76 Mechanical 
exfoliation strongly relies on the ability to scan the substrate to find a desirable sample. 
However, 2D materials can be very difficult to observe visibly on certain substrates. This 
problem was addressed by using a 300 nm-thick silicon dioxide layer, that is violet in 
color, to provide enough contrast to make the 2D material visible.47,77 Aside from the 
mechanical exfoliation, liquid exfoliation techniques were explored. Liquid exfoliation 
was performed in N-methyl-pyrrolidone and dimethylformamide, as these solvents were 
found to have a similar surface energy to that of graphene.50,78 Liquid exfoliation was 
also explored with TMDs and found that many common solvents can be used for 
isolation and dispersion of these thin films.79 This section of this work takes aim at 
adapting these exfoliation methods to BP with phosphorene along with modifications for 
our own methods to obtain targeted deposition of the samples on the substrate. 
1.2.2 Materials and Methods 
 
Mechanical exfoliation was performed with both Scotch Tape and Kapton Tape 
by application of the tape to the bulk sample. Removal of the tape provided thicker BP 
samples which could be further thinned by reapplication of the tape and repeated 
separation. BP samples were then able to be deposited onto a substrate of interest by 
compressing the tape on the surface and slowly peeling the tape off. This mechanical 
exfoliation was then adapted to a “drawing” method in which we took bulk BP sample 
and dragged it across the surface of interest and typically allowed for more targeted 
placement of pieces. The limitation of the drawing method is that thicker samples are 
typically obtained since they break off from the bulk sample. Further adaptation led to the 
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combination of the two methods. The tape/drawing method utilized the mechanical 
exfoliation with tape to thin down the bulk sample which could then be dragged across 
the substrate to allow a more directed placement of thinner pieces onto the surface. 
Liquid exfoliation was attempted in N-methyl-2-pyrrolidone (NMP) through sonication 
with an ultra-sonicating probe (Qsonica – Q55 Sonicator).  
Bulk BP was prepared in a sealed ampoule by methods identical to that of Köpf et 
al.20,21,80 Heavy wall borosilicate glass tubing (3/4 in O.D., PYREX) was cut in 10 cm 
lengths for use as sealed ampoules. One end was sealed shut and all materials were 
placed inside the tubing which was backfilled with 1 atm of argon. Red phosphorus 
(Mallinckrodt) was purified in boiling DI water for 15 minutes to remove phosphoric acid 
contaminant and then rinsed with DI water until neutral and dried in a vacuum oven prior 
to use.81 Tin powder (Fisher Scientific) was purified by shaking in 10% aqueous NaOH 
solution for 10 minutes followed by filtering and rinsing with DI water until neutral and 
dried in a vacuum oven prior to use.81 All samples were stored in a desiccator until use. 
Tin (IV) iodide was prepared by mixing 0.5 g (0.004 mol) of tin powder with 2.0 g (0.016 
mol) of iodine (Aldrich) and refluxing in 25 mL of 1:1 acetic anhydride/acetic acid until 
the violet color disappeared. Upon cooling, the formation of orange crystals was observed 
and they were isolated from the reaction mixture by Büchner filtration and purified by 
recrystallization from chloroform.82 Silicon/silicon dioxide wafers (300 nm oxide 
thickness, Montco Silicon) were cut to a desired size of roughly 0.75 cm x 0.25 cm and 
were cleaned by sequentially sonicating in dichloromethane, methanol, water and 
acetone. The sonication was followed by immediately drying with N2 gas and a 20-
minute treatment in a UV/Ozone Cleaner (BioForce Nanosciences ProCleaner Plus). 
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Highly-oriented pyrolytic graphene (HOPG) was purchased from Bruker for side-by-side 
validation of methods. 
 Bulk BP samples were characterized by imaging techniques, PXRD, Raman 
spectroscopy. PXRD analysis was run on a Rigaku SmartLab Powder X-Ray 
Diffractometer operated with Cu Kα1 radiation (λ = 1.54 Å) in Bragg-Brentano 
configuration. Data was collected in the 2θ range of 15-60° and was processed in 
JPowder. Raman spectra were obtained using a Renishaw Ramascope (RM-1000) with a 
confocal Raman microscope (Olympus BH-2) equipped with a HeCd laser (Kimmon) 
with an excitation wavelength of 441.6 nm. Brightfield microscope images were obtained 
with an Olympus Microscope (Model BX51) equipped with a PixeLINK camera (PL-
A662). Scanning Electron Microscopy (SEM) images were obtained on a Hitachi 
Tabletop SEM (TM-1000). Mechanically exfoliated samples were analyzed with the 
previously mentioned techniques and additionally characterized by Atomic Force 
Microscopy and electrical measurements. Atomic Force Microscopy (AFM) images were 
run in tapping mode with a Scanning Probe Microscope System (Veeco Metrology, Inc., 
Multimode Nanoscope IIId) with Veeco FESP cantilevers. I-V curve measurements and 
transistor curves were run on a Keithley 2636A Dual Channel System SourceMeter. 
Initial electrical measurements were carried out on gold bar electrodes with a 10 µm gap 
(Figure 1.12a). Difficulties with the large spacing between electrodes led to a more 
specialized design. Further electrical measurements were carried out on specialized 
substrates that were pre-patterned with gold electrodes branched to gold pads for ohmic 
connection points (Figure 1.12b). These substrates were denoted as 4-probe electrodes 
and provided a spacing of either two or three micrometers between individual electrodes.  
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1.2.3 Results and Discussion 
 
Prior to mechanical exfoliation, synthesis of bulk BP was verified through optical 
and SEM imaging and also with XRD and Raman analysis. These samples were grown in 
the sealed ampoule experiments under an argon blanket and deposited onto the inner 
surface of the glass ampoule. Attempts were made to seal the ampoules under vacuum, 
but issues arose when using the thick-walled glass tubing as the glass began to collapse 
on itself. The characteristic sheet-like appearance of bulk BP was noticeable though 
imaging techniques as shown in Figure 1.13.  
 
Figure 1.12 – (a) Gold bar electrodes with 10 µm gap. (b) Pre-patterned 295 nm SiO2 
substrate with 4-probe Cr/Au electrodes of varying spacing for electrical characterization. 
(a) (b) 
28 
 
  
 
 
The BP samples were further analyzed through powder XRD and compared to 
literature values for bulk BP.19,80,83 The major peaks for the bulk BP sample were 
observed at 2θ values of 16.86°, 26.45°, 34.16°, and 52.29° which are representative of 
the (020), (021), (040), and (060) crystal lattice faces, respectively (Figure 1.14). As 
mentioned previously, BP can be grown as different crystal structures and the crystal 
structure in Figure 1.14 is representative of the orthorhombic form (JCPDS number 73-
1358). The intensities and sharpness of the (020), (040), and (060) peaks suggest a very 
high crystallinity in which the sample is highly oriented in the same direction and the 
crystals are of very large size which makes them useful for exfoliation techniques.19,84  
 
Figure 1.13 – SEM images of bulk BP samples grown in sealed ampoule experiments. (b) 
Shows characteristic layering of BP   
(a) (b) 
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Raman analysis was also carried out on the bulk BP samples. As mentioned 
previously, BP contains five active Raman bands but only three bands are commonly 
observed. The three bands are typically around 365, 442, and 470 cm-1, corresponding to 
the Ag1, B2g, and the Ag2 bands, respectively.33 These three bands were observed at 364, 
439, and 468 cm-1 for the bulk BP sample during our Raman analysis (Figure 1.15) and 
are in good agreement with the literature values.33 
 
Figure 1.14 – Powder XRD of bulk BP grown in sealed ampoule experiments
(020) 
(040) 
(060) 
(021) 
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 Mechanical exfoliation was adapted in a similar manner to that carried out with 
HOPG. Samples of a variety of sizes were obtained onto a substrate of interest. A 
majority of samples retained on the substrate were of various thicknesses as pieces broke 
off from the larger BP that remained attached to the adhesive. The substrates were then 
imaged using brightfield microscopy and a standard substrate surface is shown in Figure 
1.16. Any excess adhesive could be removed by rinsing with acetone or toluene (Figure 
1.16b). It can also be noted that samples of larger thicknesses were not retained on the 
substrate following a rinse period. This is obvious from the disappearance of the darker 
colored BP samples which are of greater thicknesses. 
Figure 1.15 – Raman spectra of bulk BP grown in sealed ampoule experiments  
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The substrates contained a 295 nm SiO2 layer to allow for high contrast for 
brightfield imaging, as observed with graphene.77 A comparison of this contrast of color 
in relationship to thickness was carried out with mechanical exfoliation of both HOPG 
and BP materials. BP was found to follow a similar color/thickness comparison to that of 
HOPG. HOPG samples were found to have thicknesses around 100 nm for pink colors, 
50 nm for yellow, 40 nm for green, bluish-green for 25 nm, blue for 10 nm, and purple 
for 5 nm (see Appendix B). Bulk BP samples around 400 nm were found to be gray in 
color similar to bulk graphite samples. Additionally, yellow samples were found to be 
around 70 nm, yellowish-green were around 20-25 nm, bluish-green were 10-15 nm, and 
blue was around 5 nm thicknesses (Figure 1.17). Complete characterization of these BP 
samples for color/thickness analysis is also included in Appendix B. 
Figure 1.16 – Mechanically exfoliated BP sample onto 295 nm SiO2 substrate (a) before 
rinse and (b) after rinse with toluene 
(a) (b) 
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Raman analysis of mechanically exfoliated samples showed an expected decrease 
in intensity as the sample thickness decreased (Figure 1.18). However, the band located at 
365 cm-1 was found to significantly decrease to the point of being almost invisible, but 
Figure 1.17 – (a) Brightfield image of mechanically exfoliated BP sample with circular 
region scanned on AFM for color/thickness comparison. (b) AFM image and of 
yellowish/green - yellow colored sample of both 20 and 70 nm thicknesses, respectively. 
Inset shows plot of thickness across region scanned  
Figure 1.18 – Raman spectra of mechanically exfoliated BP samples of decreasing 
thicknesses 
1.41.210.80.60.40.20
70
60
50
40
30
20
10
0
X[µm]
Z
[n
m
]
(a) (b) 
33 
 
the B2g and the Ag2 bands at 440 cm-1 and 465 cm-1, respectively, were still present.  This 
can be explained by the angular dependence of the Raman response since BP is an 
anisotropic material.35,36 Rotation of the sample or using polarization-resolved Raman 
allows for clear visibility of the band.35,36 A majority of the large area samples obtained 
by this method were of large thicknesses as well. Information about sample thicknesses 
can be acquired with AFM. The thinnest sample obtained using the mechanical 
exfoliation method is shown in Figure 1.19. This sample was found to be only 10 nm 
thick but also only occupied 3 µm2 in area. As a very large number of samples are 
typically deposited on the substrate, this method can take a great deal of time to scan for 
thin samples. 
 
 
 
For further characterization, electrical measurements were carried out by 
exfoliating BP samples onto pre-deposited electrodes. The mechanical exfoliation method 
was initially carried out over the 10 µm gap on the gold bar electrodes before the 4-probe 
Figure 1.19 – (a) AFM image and (b) respective height profile for 10 nm thick BP sample 
(3 µm2 area) obtained with mechanical exfoliation 
(a) (b) 
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electrodes were utilized. Exfoliated samples were scanned with SEM or brightfield 
microscopy to determine if the gap was bridged between electrodes. Figure 1.20 shows a 
60 nm thick BP sample bridging the 10 µm-gap on the gold bar substrate. Sample 
dimensions can be extracted from the AFM images similar to the one in Figure 1.20b. I-V 
curve measurements were performed on the same sample by applying a bias from -2V to 
+2V and monitoring the current flow (Figure 1.21). The BP sample began to oxidize 
following the 9th run under atmospheric conditions and a clear loss in conductivity was 
apparent during the 10th run. The air sensitivity of the material was not known until later 
studies. All future experiments were carried out in a nitrogen environment. 
 
  
 
Figure 1.20 – (a) SEM image of mechanically exfoliated sample bridging the gap of the 
gold bar electrodes. (b) AFM of same sample with respective inset of high profile 
showing 60 nm thickness.  
(a) (b) 
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The air sensitivity of the material poses a real problem when trying 
implementation with electrical devices. The first sign of decomposition was apparent 
with AFM studies (see Appendix B). Droplets form on the surface from exposure to 
moisture and oxygen which result in oxidation to phosphoric acid. All samples were held 
in a desiccator under constant vacuum to prevent further degradation of the material. No 
further degradation was observed as long as samples were held under an inert 
atmosphere. A 10 nm thick sample was obtained across the gold bar electrodes (inset of 
Figure 1.22) and held in a desiccator as mentioned above. I-V curve measurements were 
performed in a sealed container under nitrogen or vacuum and no oxidation of the sample 
was observed following 20 runs (Figure 1.22). Many additional samples were obtained by 
mechanical exfoliation and further characterization is shown in the Appendix B of this 
work.  
Figure 1.21 – I-V curve of 60 nm thick BP sample. Inset shows SEM of oxidized sample 
following 10 runs in air. 
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Aside from sensitivity to oxidation, there exist many other issues with mechanical 
exfoliation of the sample such as targeted deposition of BP samples. For this reason, we 
began to explore additional routes of obtaining BP samples on the substrate. Use of the 
drawing method allows for application of BP samples onto the substrate of choice 
without contamination by residual adhesive. Any surface defects can significantly 
dampen the electrical properties of the material. An example of a typical substrate surface 
following deposition of BP by the drawing method is shown in Figure 1.23a, where a 
noticeable trail of BP sample is retained on the substrate. One of the implications of the 
drawing method is the excessive amount of BP sample that can remain on the electrodes 
(Figure 1.23b), rendering them useless for electrical characterization. Electrodes could be 
Figure 1.22 – I-V curve of 10 nm mechanically exfoliated BP sample on gold bar 
electrodes under nitrogen environment. Inset shows SEM image of BP sample.  
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cleaned by sonication in toluene, however, this sometimes removed the desired pieces of 
BP as well. 
  
 
A combination of these two allowed for more selective deposition of the BP 
samples onto the substrate along with an overall decent rate of achieving thin samples. 
The tape/drawing method provided the thinnest sample out of all three methods, which in 
its entirety was 10 nm thick and approximately 650 µm2. However, regions towards the 
edge were found to be 3 nm thick showing few-layer phosphorene (Figure 1.24). The 
thickness of this sample resulted in minimal contrast with the substrate color and 
difficulty in observing it from the brightfield image (Figure 1.24a). This is why it is most 
common to deposit samples on the 295 nm thick SiO2 substrates. AFM images were 
obtained on the sample to determine the thickness (0.85 nm/layer41) and are shown in 
Figure 1.25. Electrical characterization of this sample was not possible since the sample 
was not placed over the electrodes and deposition of electrodes on top of the sample was 
not possible without access to lithography techniques. Removal of the residual adhesive 
Figure 1.23 – Brightfield image of (a) typical substrate following drawing method 
deposition of BP and (b) magnified view of electrodes. 
(a) (b) 
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from this method was easily obtained by rinsing or sonicating in toluene or acetone, 
however, sometimes at a cost of rinsing away desired samples from the substrate. 
  
 
  
  
 Further application of the tape/drawing method led to other samples obtained over 
the pre-deposited electrodes and I-V characterization was carried out. Multiple samples 
were obtained with this method and complete characterization on these samples is 
included in the Appendix B. Several pieces of information can be extracted from the I-V 
Figure 1.24 – (a) Brightfield image and (b) SEM image of BP sample obtained from 
tape/drawing method 
Figure 1.25 – (a) AFM image of BP sample obtained from tape/drawing method showing 
3.4 nm thick region. (b) Height profile for respective AFM image. 
(a) (b) 
(a) (b) 
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curves. The first and most apparent was the anisotropy of the BP samples. A difference in 
the I-V curves were noticeable from sample to sample as some samples had a more 
Ohmic character than others. This is a result of the crystalline orientation and the 
directional dependence of the material.42 One of the major issues with this approach of 
depositing the samples over already established electrodes is the limitation on the 
direction in which the BP samples contact the electrodes. This can be observed by 
switching the source and drain electrodes and noticeably obtaining the inverse I-V curve 
(Figure 1.26).  Also, it is difficult to replicate the BP samples contact with the gold which 
can result in differences in contact resistance. However, one advantage of having the 
samples suspended on top of the electrodes is that it reduces the loss from scattering 
through the dielectric layer.73,85,86  
 
 
Figure 1.26 – I-V curve of BP sample obtained with the tape/drawing method showing a 
difference in contact resistance between the two sides of the sample as the source and 
drain electrodes are switched.  
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Contact resistance can be reduced through current annealing as well (Figure 1.27) 
This can be performed by running multiple I-V curve measurements and an observable 
increase in the current output following just six runs was apparent. A noticeable amount 
of noise is present during the first run, which decreases following several additional runs. 
For this reason, I-V curve characteristics were obtained over a minimum of five runs and 
similar comparisons were made. 
 
 
Once samples are obtained over these electrodes and I-V curve measurements are 
run, it simultaneously allows for transistor measurements to be made. These allow for the 
standard 3 probe measurement by using the gold electrodes as the source and drain 
electrodes and the silicon substrate as the back gate. One example of an output curve is 
shown in Figure 1.28 where a green colored sample was deposited on the electrodes with 
Figure 1.27 – I-V curve of sample obtained from tape-drawing method showing current 
modulated contact resistance from repeated measurements. Inset shows brightfield image 
of this 100 nm thick BP sample.  
41 
 
the tape/drawing method (see inset of Figure 1.28). The large transparent looking piece, 
also over the electrodes, is part of the polyimide adhesive from the Kapton tape and is not 
conductive, therefore not contributing to or interfering with the I-V curve measurements. 
The negative gate bias promotes an enhanced current flow, which is agreeable with the 
literature and also the p-type characteristics of BP. When the back gate bias reaches -4 
and -5 V, the I-V curves become closer to an Ohmic character.  
 
 
 
Transfer plots can also be obtained by varying the gate bias and measuring the 
respective current output between the source and drain. The transfer plot for this same 
sample is shown in Figure 1.29. The cause for the gap in the plot nearing -16V is likely a 
cause of current annealing with the sample, as there is a step-wise increase in the current 
Figure 1.28 – Output characteristics for the transistor plots showing closer to Ohmic 
character following application of a negative back gate bias. Inset shows green 
appearance of BP sample obtained with tape/drawing method. 
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output, and a decrease in the current would be caused by degradation of the sample. It is 
likely that this sample has a high contact resistance as the Ion/Ioff ratio was only found to 
be ~103. This ratio can be extracted from the log plot of the current output plotted on the 
right side of this figure. The mobility can be estimated from the linear region of this plot 
using Equation 1 described previously. The region up to -30V gate bias was used and the 
transistor length was 3 µm with the 300 nm SiO2 layer. The mobility can be estimated as 
384 cm2/V·s which is very comparable to those described in the literature. This sample 
was of a rather large thickness, however, enhanced mobility is most likely attributed to 
the fact that these samples are suspended on the electrodes and not in direct contact with 
the oxide layer. This prevents current spreading, as was observed with suspended 
graphene devices.73 
 
 
 
Figure 1.29 – Transfer plot for varying gate voltages showing both current output (left) 
and log plot (right). 
43 
 
Short studies were carried out into liquid exfoliation of bulk BP in NMP similar to 
the work carried out with graphene. Liquid exfoliation was found to be much more 
difficult with BP samples as bulk samples still remained and thin samples were 
completely torn to smaller sizes. The liquid exfoliated samples were drop cast onto the 
substrates and dried with nitrogen. The remaining pieces on the substrates were imaged 
with SEM and AFM and are shown in Figure 1.30. The SEM image in Figure 1.30 shows 
a sample that was sonicated for 1 hour with an ultrasonication probe. The liquid 
exfoliation of graphene was performed for only a 30-minute period and at a much weaker 
sonication in a low power sonication bath.78 The thin samples that were obtained by this 
method in our experiments were never of one large and continuous piece. Thinnest 
samples obtained were around 10 nm, however, areas were less than 0.04 µm2. It should 
also be mentioned that a much larger number of thick samples remained with the BP 
samples when compared to the same methodology with highly-oriented pyrolytic 
graphene (HOPG). The process of liquid exfoliation can be related to the enthalpy of 
mixing and it must be favorable energetically for this to occur.78 Hernandez found that is 
important to match the appropriate surface energy of the solvent to that of the material to 
minimize this transition.78 The surface energy of graphite (i.e. energy associated with 
overcoming van der Waals forces when separating sheets) is roughly 70-80 mJ/m2. 
Graphite was found to exfoliate and disperse well in solvents with similar surface 
energies, such as NMP and benzyl benzoate.78 
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Understanding the surface energy matching of BP to solvents is essential for 
effective dispersion. Solvent selection is ever so crucial with BP as it is essential to 
reduce exposure to moisture and oxygen. Liquid exfoliation of BP can prove to be a 
useful technique for specialized applications similar to graphene, such as incorporation in 
ceramics or polymers for conductive composites. It wasn’t until recently that this was 
further explored.87 Hanlon et al found that N-cyclohexyl-2-pyrrolidone (CHP) provided 
the necessary conditions to stabilized BP nanosheets and suggested the stability is from 
solvation shell formation.87 Long term stability of the liquid-exfoliated BP was never 
investigated in our studies. 
1.2.4 Summary 
 
The mechanical exfoliation method was successfully adapted for use with BP and 
few-layer phosphorene. The thinnest sample obtained by mechanical exfoliation was 10 
nm thick and roughly 3 µm2 area. This method yields a significant amount of samples on 
the substrate, but absolutely requires lithography for electrical characterization and 
device implementation. This can result in tireless searching of the substrate unless a 
Figure 1.30 – (a) SEM of liquid exfoliated BP sample and (b) AFM of similar sample 
containing inset of height profile showing 20 nm thick region  
(a) (b) 
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method for rapid determination or a quick screening process is utilized. A layer 
dependent color contrast for rapid estimation of thickness from BF imaging was 
developed in comparison to that of HOPG samples for this reason. This color contrast 
found that the thinnest samples appeared blue in color as long as the 295 nm thick SiO2 
substrate was being used. The major limitation is the inability for electrical 
characterization without lithography techniques. The drawing method allowed for a more 
targeted approach for depositing BP onto the substrate, but difficulty came in obtaining 
thin or few-layer samples. Many samples with the drawing method were of a variety of 
thicknesses, and although most thicker samples could be removed by sonicating in 
toluene, some of the desirable pieces were not able to be retained either. The combined 
tape/drawing method allowed for the best success in which a sample as thin as 3.4 nm 
was observed. This method also provided a majority of the samples for electrical 
characterization as it was much easier to target deposition over the predeposited 
electrodes.  
The anisotropic behavior of BP samples was apparent from differences between 
the characteristic I-V curve measurements. Crystalline orientation dependence was even 
observed across the same axis by producing the inverse I-V curves. One explanation for 
the differences could be from varying contact resistances at the metal-BP interface, even 
within different sides of the same sample. Current annealing was found to be an effective 
technique to reduce the resistance and enhance the contact of the samples. As these 
samples were deposited onto the pre-patterned substrates, the could simultaneously serve 
as a FET. Output curves verified the negative bias enhancement of the current and the p-
type character of the BP samples. Transfer curves were also obtained and showed the 
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current dependence of a negative back gate bias. An Ion/Ioff ratio of ~103 was observed 
with one of the transistor devices. A mobility value of 384 cm2/V·s was extrapolated and 
calculated from the FET transfer plots for one FET device. This is a relatively high 
mobility compared to some of the other literature values and the increase is likely caused 
by the suspended nature of the channel material. By removing the contact with the SiO2 
substrate, current spreading can be reduced. 
Liquid exfoliation studies were short and the two major issues that arose were the 
large variety of sample thicknesses and the inability to obtain larger area sheets. Only 
NMP was investigated as a solvent and it is highly probably that more suitable solvents 
exist for closer matching in surface energies. Samples as thin as 10 nm were obtained, 
however, they were of very small area making them difficult for use. Many of the 
applications of liquid exfoliated 2D materials involve incorporation in composites with 
polymers or ceramics and these areas were not investigated in this work. A clear 
difficulty exists when trying to obtain large area few-layer samples with any of these 
methods listed here and a similar realization was observed with graphene. For this reason, 
it is necessary to explore additional avenues to obtain few-layer samples. 
1.3 Red phosphorus film growth 
 
1.3.1 Introduction 
 
BP has been obtained from reactions of both white and red phosphorus, most of 
which require extremely high pressure conditions to do so. The high toxicity of working 
with white phosphorus leaves nothing to desire, so a shift towards growth of BP from red 
phosphorus has taken place.15,20,21,80 However, the recent work carried out under 
moderately low pressures in the presence of the Sn/SnI4 mineralizing agents has opened 
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up the possibility to do so without highly expensive equipment.20,21,80 A major limitation 
with the sealed ampoule studies is that the BP samples obtained are that of bulk BP and 
not few-layer. Few-layer phosphorene can be obtained from mechanical or liquid 
exfoliation, but the previous section discusses the difficulties of these methods. 
Adaptation of a CVD type approach is a necessary avenue to explore. Investigations into 
this area led to a method of obtaining red phosphorus thin films that can be used to grow 
BP samples directly onto a substrate.  
Growth of red phosphorus thin films has been briefly explored in the past but with 
a different technique.88,89 Hooton was studying the use of red phosphorus films for use 
with experiments in nuclear physics.88 He heated the phosphorus in an evacuated 
chamber up to approximately 1000°C and found deposition was possible onto both a gold 
surface or carbon surface.88 It was not mentioned as to what the composition was of the 
red phosphorus obtained, however, at these temperatures it is probable that the material 
was annealed and no longer amorphous (type I). Hooton suggested that the mechanism 
for deposition was a result of increased temperatures providing for the P4 vapor to 
dissociate into P2 molecules, which can then deposit as red phosphorus.88 Tzeng et al 
reported similar results to Hooton’s studies with enhanced yield and uniformity and 
suggested a similar method to condensation.89 In 1896, Arctowski mentioned briefly that 
red phosphorus condensed as “transparent crystals of a carmine-red colour” after heating 
for 48 hours in a vacuum at 100°C, suggesting that the material condenses in the red form 
under vacuum.90 More recently, Liu et al found that BP decomposed to form red 
phosphorus when heated to 400°C.91 This section of this work discusses the independent 
studies into CVD approaches with BP and red phosphorus for thin film growth. 
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1.3.2 Materials and Methods 
 
Red phosphorus (Mallinckrodt) was purified from residual phosphoric acid in 
boiling DI water for 15 minutes and then rinsed with DI water until neutral and dried in a 
vacuum oven prior to use.81 Red phosphorus thin films were prepared by heating 0.5-5 mg 
of red phosphorus powder or one piece of bulk BP (approximately 0.5 mg) in a tube furnace 
to 600°C in the presence of a substrate for 30 minutes under vacuum. After 30 minutes, the 
tube furnace was turned off and the chamber was allowed to cool. The presence of the red 
phosphorus thin film was indicated by a thin green film on the substrate. Samples were 
transferred to a desiccator until further use. The schematic of the experimental setup is 
shown in Figure 1.31. 
 
 
 
 Similar characterization techniques were utilized as previously mentioned in 
Section 1.2.2. Additionally, Transmission Electron Microscopy (TEM) images and 
Selected Area Electron Diffraction (SAED) patterns were obtained 120 kV on a 
TEM/STEM (JOEL JEM2100) equipped with a LaB6 electron gun. TEM samples were 
Figure 1.31 – Schematic of amorphous red phosphorus thin film growth from vapor 
deposition of red phosphorus powder/black phosphorus piece 
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prepared by spin coating the substrate with a 2% solution of poly(methyl methacrylate) in 
methyl ethyl ketone. The polymer film (containing the sample) was then floated off the 
substrate into a beaker of water and then fished out with the TEM grid. The polymer film 
was then dissolved by rinsing with acetone so only the sample remained on the grid. 
1.3.3 Results and Discussion 
 
Our first attempts to grow BP thin films from direct vapor deposition of red 
phosphorus or bulk BP in vacuum or in argon were not successful. Initial studies were 
carried out with BP flakes that were obtained from the bulk growth as mentioned in the 
previous section. A clear color change was apparent on the substrates from the original 
purple to a green, which was representative of the deposition (Figure 1.32). This vapor 
transfer was also investigated with red phosphorus powder as the starting material. Both 
red phosphorus and BP were found to deposit as an amorphous red phosphorus thin film 
under vacuum, while no film was observed under a steady flow of argon. The appearance 
of red phosphorus from the thermal degradation of BP was also recently discovered in 
another work.91 It has been noted previously that red phosphorus vapor will condense as 
red phosphorus when under vacuum.90 The film thicknesses were much more controllable 
using the BP flakes, as individual flakes were less than 0.5 mg and some difficulty can 
occur trying to weigh out this amount in red phosphorus powder. It is noted that we did 
not investigate whether a red film can be prepared from white phosphorus to avoid the 
safety steps involved in handling reactive white phosphorus.  
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Red phosphorous thin film growth was found to be highly reproducible with this 
method. Simple analysis with brightfield microscopy allows us to estimate the thickness 
of the red phosphorus thin films. A green colored red phosphorus thin film corresponds to 
a thickness of around 40 nm and the blue color corresponds to thinner films with a 
thickness of <10 nm, which were confirmed by AFM measurements (Figure 1.33a-c). 
The films grown from a starting amount of 2.0 mg of red phosphorus powder resulted in 
thicker regions with yellow and pink colors that were representative of >75 nm and >100 
nm thicknesses, respectively. Starting with 5.0 mg of red phosphorus coated the 
substrates with a visibly thick region of red phosphorus that represented more of a 
powder. It should also be noted that when using a larger amount of material, such as 2.0 
mg, the condensation occurred on the quartz tubing in addition to the substrate. A smaller 
amount of material, common when beginning with a BP flake, seems to have preferential 
deposition on the substrate. The deposited material was found to act as a film whether 
produced from red phosphorus or BP as a starting material, which was observed 
following a brief rinse of the substrate and drying with nitrogen. The drying process 
Figure 1.32 – Brightfield images of (a) clean 300 nm thick SiO2 substrate and (b) red 
phosphorus thin film grown from 0.25 mg of BP or (c) grown from 0.5 mg of BP 
(a) (b) 
(c) 
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caused the film to fold over onto itself as shown in Figure 1.33b. Figure 1.33d shows an 
SEM image of a separated film.  
 
 
The films were found capable of being deposited on a variety of substrates 
including SiO2, doped-Si, Gold, Platinum, and borosilicate glass. Brightfield images of 
these samples are included in Appendix C and no observable preference for deposition 
was notices between substrate types. As the thin films are mostly transparent, the best 
substrate for imaging was the one containing the 300 nm thick SiO2 layer to allow for 
Figure 1.33 - Optical and SEM images of amorphous red phosphorus films grown from 
vapor deposition. (a) Brightfield image of 40 nm thick red phosphorus film (b) The film 
noticeable folds over on itself upon rinsing with acetone and drying with N2. (c) 
Extremely thin blue colored red phosphorus film (<10nm). (d) SEM image of separated 
red phosphorus thin film. 
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high contrast. The thin film samples that were prepared on glass slides were run on the 
PXRD and verified the identity of amorphous red phosphorus by a broadband signal 
(Figure 1.34).19  
 
 
 
Raman analysis was conclusive of completely amorphous red phosphorus thin 
films as no signal was visible (Appendix C). When viewing the thin films under the 
microscope following the Raman analysis, the material was found to be sensitive to the 
442 nm laser and degradation was noticeable. Figure 1.35a shows the TEM image of the 
2D red phosphorus thin film. The inset SAED pattern shows the characteristic rings of an 
Figure 1.34 – PXRD of amorphous red phosphorus thin film grown from CVD of black 
phosphorus on glass slide with inset showing brightfield image of sample  
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amorphous material, further verifying this is a 2D amorphous red phosphorus film 
because of its lack of crystallinity.92  
 
1.3.4 Summary 
 
Red phosphorus thin films were successfully grown by vapor deposition of bulk 
red or BP. This method provides a scalable scheme for growth of these films of both 
various sizes and thicknesses and can be adapted to any desired substrate. Films were 
found to vary in thickness from <10 nm up to 40 nm when a <1 mg of material was used. 
Increasing the amount of red phosphorus/BP starting material allows for thicker film 
growth of >100 nm. A color scheme for rapid estimation of film thickness with 
brightfield microscopy was developed and verified using AFM. The allotropic 
characterization was performed using PXRD, Raman, and TEM with SAED. The films 
were verified to be that of Type I red phosphorus which is completely amorphous in 
character. Aside from general uses in nuclear chemistry, amorphous red phosphorus films 
have limited applications.88 However, it is highly possible that these films allow the 
potential for direct conversion to additional useful allotropes of phosphorus on a desired 
Figure 1.35 – (a) TEM image of an amorphous red phosphorus thin film with the 
respective inset of the SAED pattern. Scale bar is 50 nm. (b) AFM image of a 40 nm 
green colored film showing inset of the height profile 
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substrate. The goal of the next section of this work is that conversion of these films will 
allow for a more restricted thickness of BP samples grown. Investigations into this 
application and techniques for growth are discussed in detail in the next section.  
1.4 Conversion of thin films 
 
1.4.1 Introduction 
 
Up to this point, there is a clear existence of numerous allotropic forms of 
phosphorus. Most of these transitions between allotropic forms have been found to take 
place within a sealed ampoule. Red phosphorus has been found to exist as a number of 
crystalline forms, one of which was titled fibrous red phosphorus (type IV).5 This fibrous 
form had not been further investigated post-1947 until recently.93–96 This was first studied 
by Ruck et al in 2005.93 The fibrous red phosphorus was synthesized by heating red 
phosphorus in an evacuated ampoule around 590°C for several days.93 TEM and single 
crystal XRD were used for characterization and verified the proposed crystalline 
structures existing in the triclinic class and matching that of red phosphorus type IV.5,93 
The structure was determined to exist as an arrangement of double tubes formed from the 
P8 and P9 cages as shown in Figure 1.36.93 
 
Figure 1.36 – Left: Arrangement of the double tubes along the fiber axis in fibrous 
phosphorus. Right: Stacking of the layers in Hittorf’s phosphorus.93 
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The fibrous form is very similar to violet phosphorus with the continuous tubes of 
the P8 and P9 cages, however, they differ in the stacking of the layers.93 Ruck et al found 
that the fibrous form maintains a parallel configuration of the tubes while the tube 
systems of violet phosphorus run perpendicular to one another.93 This results in a 
difference in the bond angles at the linkage site of the P(21) atom as seen in Figure 
1.37.93 This also results in a difference in several bond lengths, specifically the P(21) to 
P(21i) bonds which were found to differ from 222.4 to 217.3 pm in fibrous to Hittorf’s 
forms, respectively.93 
 
 
Another investigation on the fibrous red phosphorus form was work carried out by 
Winchester et al in 2009.96 The major difference was in the fact that white phosphorus 
was used with the presence of a bismuth doped silicon wafer and the ampoules were run 
in the temperature range of 300-460°C.96 Winchester et al found that these reaction 
conditions actually formed the type II form of red phosphorus, which can similarly form 
wire type structures. Following the reaction, the silicon wafer was completely covered in 
a red colored powder, and when imaged with SEM, they noticed a tangled network of 
fiber-like structures.96 These nanostructures were found to exist in both polycrystalline 
Figure 1.37 – Linkage of the tubes in fibrous phosphorus (left) vs Hittorf’s phosphorus 
(right).93 
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and single crystalline forms and differentiated with PXRD and Raman analyses (Figure 
1.38).96 The phosphorus nanorods were found to exist on the order of 160 nm in diameter 
and approximate lengths that were controlled by the reaction temperature. The Raman 
analysis of their samples revealed simply a broad range of peaks that were representative 
of the type II form.96 This Raman analysis did however provide more insight into direct 
comparison of Raman data on the a few of the many different allotropes. This 
information has not been well revealed over the years of research in this field. 
  
  
The most recent work on fibrous phosphorus growth can be found in two different 
works. The first work by Eckstein et al revealed that a single-phase of fibrous phosphorus 
can be synthesized in the presence of CuCl2 as a mineralizing agent.94 Eckstein et al 
investigated various mineralizing agents, from the original elemental iodine to additional 
metal halide compounds, and found that various allotropic forms were found when using 
Figure 1.38 – (a) Powder X-ray diffraction patterns of the new phosphorus nanostructures 
alongside control spectra for type II red, fibrous red, and black phosphorus. Peaks arising 
from the alumina sample holder are annotated with filled circles in the data for single-
crystal phosphorus nanorods. In the case of polycrystalline phosphorus nanorods, the 
peaks at 25.7° and 28.4° are features of the scrubbed silicon substrate, whereas the peaks 
annotated with asterisks match the diffraction pattern of rhombohedral bismuth; (b) 
Raman spectra of the new phosphorus structures alongside control spectra for type II red, 
fibrous red, white, and black phosphorus, for comparison.96 
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iodine compounds, however, switching to chlorides provided a single phase.94 The SEM 
images revealed “urchin-like” structures with nucleation points all around the silica-glass 
ampoule.94 The fibers that were grown with this method typically ranged from 25-50 µm 
in diameter and it was mentioned that crystal sizes reached up to 1-2 mm, however, 
thicknesses of these larger samples were not shown or discussed and SEM images of the 
samples revealed many irregularities in the growth. The second work relating to fibrous 
phosphorus growth was carried out by Shen et al.95 Fibrous red phosphorus was found to 
grown selectively on raw silicon and silicon nanowire substrates during an elongated 
heating process of red phosphorus in a sealed ampoule.95 They found a diameter 
dependence based on the amount of red phosphorus starting material with some diameters 
reaching submicron diameters as low as 150 nm.95 A similar decrease in the fiber lengths 
were observed as the red phosphorus starting material was decreased.95 An interesting 
photocurrent response was found with these red phosphorus fibers, which proved that 
electrons and holes could form within this allotropic form and lead to useful applications 
similar to BP.95 This section discusses the application of the amorphous red phosphorus 
thin film for direct conversion to additional phosphorus allotropes in sealed ampoule 
experiments. We independently discovered the growth of fibrous phosphorus with the 
selectivity of nucleation from the substrate and investigate the applicability as a FET 
device. 
1.4.2 Materials and Methods 
 
The same processes for purification of all chemicals were carried out with 
methods as described in Section 1.2.2. Purified red phosphorus powder (110 mg) along 
with SnI4 (15 mg) and Sn powder (30 mg) were placed into an ampoule with the bottom 
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end sealed. Red phosphorus thin films were prepared on an extended wafer, 
approximately 6 cm in length, and also placed into the ampoule. The ampoule was then 
capped with a rubber septum and evacuated/backfilled (5x) with approximately 1 atm of 
argon. The ampoules were then sealed and allowed to cool. Once cooled, the ampoules 
were placed into a furnace and heated to 630°C. This temperature was maintained for 1 
hour and then slowly cooled (10°C/15 min) until the temperature reached 500°C. The 
ampoules remained at 500°C for 1 additional hour and then the furnace was turned off. 
Once the temperature reached 400 °C, the ampoules were removed and placed on the 
bench top until cooled to room temperature. The image in Figure 1.39 show the before 
and after appearance of the substrate. The analysis was performed with identical methods 
as described in Sections 1.2.2 and 1.3.2. 
 
 
1.4.3 Results 
 
The attempts at conversion of these thin films of red phosphorus directly into BP, 
all within a sealed ampoule, led to a unique discovery of phosphorus wires. When pulled 
out of the oven, the sealed ampoule was completely coated with an inner coating of red 
phosphorus, suggesting inadequate pressures for complete conversion to BP (Figure 
1.40a). Once the substrate was removed from the ampoule, several regions had a 
Figure 1.39 – Images of sealed ampoule, containing red phosphorus thin film on extended 
length substrate, prior to reaction. 
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noticeably fuzzy appearance (Figure 1.40b). Also, some of the ampoules contained white 
phosphorus, which spontaneously combusted, so caution was taken when opening these 
ampoules. When observed with brightfield microscopy, a large network of wires was 
found to grow preferentially on the SiO2 substrate (Figure 1.41). These wires were dark 
in color, almost black, with some regions containing a clear coating of red phosphorus, 
giving them a red appearance. As the wires were being imaged, droplets began to form as 
a result of water absorption and most likely representative of phosphoric acid formation 
(Figure 1.41b). 
  
  
 
Figure 1.40 – Images of (a) inside of ampoule post-reaction and (b) phosphorus wire 
network on SiO2 subsrate. 
Figure 1.41 – Brightfield images of phosphorus microwire network. (a) A dense network 
of microwires were congregated onto the substrate. (b) Droplet formation from water 
absorption following 15 minutes in air. 
(a) (b) 
(a) (b) 
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SEM imaging of the wires showed some variety with the samples that were 
obtained. A large number of these thin wires can be observed in all different directions 
with some that were longer than 1 mm (Figure 1.42a). Some regions contained clusters 
that grew out of the surface with an “urchin-like” appearance (Figure 1.42b), which was 
discussed by Shen et al.95 These structures appeared more like rods rather than needles. 
However, they also mention that significant SiO2 growth was observed, which was not 
the case with our experiments.95 It should be noted that the “urchin-like” structures 
seemed to be more selective to the inside of the glass ampoule and the wire formation 
was primarily selective to the substrate. Figure 1.42c shows an additional dense network 
of wires. Figure 1.42d shows a magnified view of the rod structures with and single wire 
containing droplets. This is a result of the air sensitivity of the material from absorbing 
water and forming phosphoric acid. Air sensitivity was only observed with a few 
samples, primarily the smaller sized samples, and several wires survived without any 
observable decomposition for several days out of a dessicator. This suggests that the 
sensitivity to moisure is not as extreme as the BP samples. The two distinct structures, 
rods and wires, suggest that a mixture of allotropic forms are present, as mentioned by 
Eckstein et al.94 Additional characterization and SEM images of these structures can be 
found in Appendix D. In order to further understand that allotropic form of these wires 
and rods, it is essential to investigate with Raman spectroscopy. 
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Raman spectra were obtained on the rod samples using a 442 nm laser (Figure 
1.43). The wires were extremely sensitive to the beam thus rendering investigations 
difficult. Some samples resisted degradation, typically those having the more layered 
appearance (Figure 1.43). Decreasing the power and running for extended times allowed 
for spectra to be obtained (Figure 1.44). The extended acquisition allowed for distinction 
of the broad range bands in Figure 1.43. The primary Raman signals show up at 354 cm-1, 
376 cm-1, and a broad range from 419-473 cm-1. However, the lower power with the 
extended time revealed additional bands at 403 cm-1, 411 cm-1, 439 cm-1, and 457cm-1, 
Figure 1.42 – SEM images of phosphorus microwires. (a) Network of phosphorus 
microwires above urchin-like region and (b) clusters of thicker, rod-like structures. (c) An 
even more dense network of the wires. (d) Zoomed-in on the rod-like structures with 
single wire showing droplets forming from decomposition. 
(a) (b) 
(c) (d) 
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and 480 cm-1. These bands can be attributed to the tube structures that have been 
observed previously in fibrous red phosphorus and violet phosphorus. The raman spectra 
suggests a good mix of the P8 and P9 cages as bands are exhibited at both the lower-end 
and higher-end of the 350-380 cm-1 range. An overlap of bands are present in Figure 
1.43, however the bands that appear in Figure 1.44 within the 400-420 cm-1 range and 
430-480 cm-1 range agree with the literature studies on fibrous red phosphorus.96 
 
        
                
Figure 1.43 – Raman spectra of phosphorus microwires. 
Figure 1.44 – Raman spectra of phosphorus microwires with decreased power and longer 
acquisition times. 
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TEM and SAED patterns were also obtained. The wires showed a clear 
crystallinity, as observed from the SAED pattern. TEM images show sub-micron 
diameters of samples (Figure 1.45a/c). High-resolution images were not possible as 
sample thickness was an issue and thin regions of the samples were not found. A rounded 
structure can be suspected from both the SEM images and the TEM image showed in 
Figure 1.45c as a thicker region towards the center of the sample is observed. The d-
spacing values were measured and compared with literature values for work by Ruck et 
al.93 These values were in good agreement with the data on fibrous red phosphorus.93 
  
  
 
0.5 µm
50 nm
Figure 1.45 – TEM images of phosphorus microwires. (a/c) TEM images of sub-micron 
diameter wires with (b/d) respective SAED patterns. Several d-spacing values are labeled 
on the samples showing they are representative of fibrous red phosphorus. 
(a) (b) 
(d) (c) 
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Photocatalytic studies with fibrous phosphorus found that the material was 
capable of generating holes and electrons.95 Electrical characterization of these wires 
brought about an I-V curve that resembles that of black phosphorus and a semiconductor 
material with just a slightly higher resistance (Figure 1.46). The inset shows the 
brightfield image of the sample that was obtained with a drawing type method using a 
bulk network of wires removed from the SiO2 substrates. FET measurements were 
performed on this same sample and the transfer curves show this phosphorus wire 
structure functioning as a transistor (Figure 1.46). This devices has a fairly low Ion/Ioff 
ratio of ~102, however, the mobility can be estimated from these samples and this was 
found to be 308 cm2/V·s. This is a surprisingly high mobility for fibrous red phosphorus 
as it has a value similar to BP samples and mobility values of fibrous phosphorus have 
not yet been discussed in the literature.  
  
  
Two additional FET devices were constructed with the phosphorus wires/rods 
grown in these experiments. Transfer curves were plotted and these are shown in Figure 
1.47. The first FET devices was constructed with multiple wire samples and was found to 
Figure 1.46 – (a) I-V curve of phosphorus wire with inset of brightfield image. (b) 
Transfer plots of phosphorus wire showing gate dependence with p-type characteristics. 
(a) (b) 
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have a similar mobility value as to the sample measured above. This FET was found to 
have an Ion/Ioff ratio slightly greater than ~103. The second device was constructed using 
one of the rod shaped structures. This was also found to have a similar mobility to the 
wire samples with an extremely low current in response to a positive gate voltage up to 
60V. The Ion/Ioff ratio is similarly low for this sample with a value of ~102.  
 
 
 Brief investigations into the potential use for these phosphorus wires as 
optoelectronic devices were carried out using the assembled device shown above. The 
effects of various wavelengths on the I-V curves were studied within the UV/Vis region 
from 200-900 nm. Figure 1.48a shows the I-V curve responses from dark conditions to 
full light conditions. The full light was provided by a 150W Xe bulb. Figure 1.48b shows 
this same device with an increasing current as the light is varied from 200-900 nm. This 
shows the potential photodetector application of these phosphorus wires.  
Figure 1.47 – Transfer curves for two FET devices constructed of (a) multiple wires and 
(b) rod structures. Insets show brightfield images of samples over electrodes. 
(a) (b) 
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1.4.4 Summary 
 
The direct conversion of the amorphous red phosphorus thin films in sealed 
ampoule experiments led to the discovery of extremely large and dense phosphorus 
microwire networks. Wires were visible on the substrates and were darker in color with a 
fuzzy appearance. A majority of the samples were black, while some regions of the 
substrate appeared red. When viewed with the optical microscope, the red color was 
determined to be a result of residual red phosphorus powder that deposited on top of the 
wires. Lengths of the wires were observed to exceed 1 mm with diameters close to 2 
microns or less. SEM images revealed extremely dense regions and also several “urchin-
like” structures as observed by Shen et al.95 The “urchin-like” structures resembled 
phosphorus rods rather than wires and had a shiny appearance resembling that of bulk 
BP. The wire structures were also found to be slightly air/moisture sensitive as droplets 
began to form following extended times in air, however, a majority of samples survived 
any observable decomposition following several days in air. Decomposition was also 
Figure 1.48 – I-V curves with of phosphorus wires functioning as a photodetector. (a) I-V 
response for complete dark conditions and full light from Xe lamp. (b) I-V response from 
200 nm to 900 nm. 
(a) (b) 
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further halted as long as samples were stored in a vacuum desiccator until further use. 
Raman analysis revealed several peaks that were in good agreement with the literature 
values on fibrous red phosphorus, however, the predominant peak around 350 cm-1 
suggests an increased number of P9 cages. TEM images revealed sub-micron wire 
diameters and a crystalline character. SAED patterns were also in agreement with the 
literature values on fibrous red phosphorus. FET devices were constructed with these 
wires and rod shaped structures, which is the first time this has been investigated with the 
fibrous form. A typical I-V curve similar to BP was apparent, however, with a slightly 
higher resistance. All FET devices were found to have a similar mobility around the 300 
cm2/V·s range with an Ion/Ioff ratio approaching 103 for some. Additional studies are 
required to further verify the mobility values, such as Hall effect measurements. These 
wires were also tested for some optoelectronic properties. A significant response to dark 
and full light conditions were observable with the I-V curves. Light conditions created an 
increase in the current output, suggesting applications as a photodiode. It is expected that 
these could be used in phototransistor applications as well, however, additional 
experimentation is ongoing. Overall, this work shows selective growth of an additional 
phosphorus allotrope with wires of few to sub-micron diameters and lengths reaching 1-2 
mm. The fibrous form of red phosphorus provides yet another potential source for 
applications with anode materials for batteries, sensors, and even optoelectronic devices.  
1.5 Pressure vessel growth 
 
1.5.1 Introduction 
 
Characterization of all of the phosphorus allotropes initially began with 
comparison of density or vapor pressure. As advances in the scientific field came about, 
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characterization was expanded to electrical measurements, X-ray Diffraction, and Raman 
analysis. Raman spectroscopy of the phosphorus allotropes has been investigated over the 
years and a majority of the differentiation can be done in the 350-480 cm-1 range.97 The 
regions above 430 cm-1 can be attributed to the extended breathing modes along the 
backbone of the structure.97 Cage structures in violet and red phosphorus have been 
observed with longitudinal breathing modes around 420 cm-1, while transverse breathing 
modes occur between 360-400 cm-1. With violet and red phosphorus, these lower 
frequency modes are directly correlated to the cage structures present (P8 or P9 cages).97 
Fasol et al found that the P8 cages have stretching vibrations that occur within the upper 
region of 350-380 cm-1, while P9 cages have stretching vibrations within the lower region 
of this range.97 Violet phosphorus has also been found to have a band around 460 cm-1 
that can be attributed to the P8 and P9 cage extended breathing modes, which has been 
observed with red phosphorus as well.97 Bands within all of these three regions were 
observed by Tsai et al when investigating violet phosphorus as an additional layered 
material.11 Violet phosphorus has been found to have a band gap of 1.5 eV and the 
potential for similar semiconductor applications to BP.11,98 The Raman of BP has been 
discussed previously, but will be briefly revisited for this section. The Raman spectra of 
BP typically results in three peaks around 470, 440, and 365 cm-1 which correspond to 
the two in-plane modes and one out-of-plane mode, respectively.42 The angular 
dependence of BP was also observed with a major difference in the intensities with 
polarization and sample rotation, as shown in Figure 1.49. 
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 Until most recently, obtaining 2D phosphorus allotropes has been carried out 
solely by exfoliation methods. Plasma-assisted fabrication has also been explored, but 
still required initial exfoliation from the bulk samples.11,59 The only method found in the 
literature that is slightly similar to the approach of thin film conversion was one 
performed in a high-pressure anvil cell.99 Li et al found a scalable method for a BP film 
growth up to 4 mm. The primary issue with this method is that it is still limited on how 
thin the samples obtained are and this results in a polycrystalline growth of BP.99 A 
second limitation with this method is that high-pressure-anvil cells can be costly as well. 
The polycrystalline character of this thin film reduces the conductivity of the samples 
when used in a FET device as BP has been found previously to be highly anisotropic.99 
Mobility values of ~0.5 cm2/Vs have been measure with an Ion/Ioff ratio of ~102 for the 
transistor device and optical characterization revealed a band gap around 0.28 eV (Figure 
1.50).99 This method has the advantage of large scale growth, however, unless the 
Figure 1.49 – (a) Structure of bi-layer phosphorene and (b) Angle-resolved Raman 
measurements42 
(a) (b) 
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polycrystalline nature of the samples can be limited, this will reduce the applications of 
this method. 
 
 
A majority of the synthetic routes for the different phosphorus allotropes are 
either through recrystallization in molten metals or in sealed ampoule reactions. There 
exists a need to eliminate the complicated task and related risks when working with 
sealed ampoule experiments. Until recently, no direct growth of the 2D phosphorus 
materials have been observed or investigated and the high-pressure-anvil cells are costly 
and produce polycrystalline BP. It is necessary to adapt to a new method for direct 
growth of materials and one that might provide direct growth of 2D materials. This 
section of this work discusses the adaptation of the pre-described uses of the amorphous 
thin films for direct conversion in a pressure vessel reactor. 
Figure 1.50 – (a) Schematic of the BP FET device. (b) Transfer characteristics of a 
transistor made from converted BP thin-film in linear (left axis) and logarithmic (right 
axis) scales. Inset: output characteristics of the same transistor.99 
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1.5.2 Materials and Methods 
 
Pressure vessel reactions were carried out in attempts to grow 2D BP samples 
from thin films of red phosphorus. Substrates containing the amorphous red phosphorus 
thin films (growth described in 1.3.2) were transferred to a 12 mL Kimbel conical-bottom 
glass centrifuge tube (Fisher Scientific) also containing the purified Sn (20 mg) and SnI4 
(10 mg) mineralizing agents. No additional red phosphorus was added to the reaction 
vessel, therefore limiting the only source to the film deposited on the substrate. The 
centrifuge tubes were then placed into the pressure vessel reactor (Pressure Product 
Industries) and the vessel was sealed, evacuated/backfilled with argon (5x), and adjusted 
to a final desired pressure with argon. The vessel was then secured into the tube furnace 
(Thermo Scientific) and heated up to the desired external temperature for the reaction to 
take place. The schematic of this setup is shown in Figure 1.51. 
 
 
Figure 1.51 – Schematic for growth of BP on substrate from amorphous red phosphorus 
thin film in a pressure vessel reactor 
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Instrumentation and characterization of samples is identical to that as described in 
Section 1.2.2 and 1.3.2. This includes brightfield microscopy, SEM, AFM, Raman, and 
TEM analyses. However, TEM samples were prepared by scraping of the substrates to 
obtain pieces on the TEM grids as liftoff methods were not successful. Similarly, samples 
were transferred to predeposited electrodes for all electrical measurements and device 
characterization. This was performed with Kapton tape method, similar to what was used 
with the exfoliation methods. 
1.5.3 Results and Discussion 
 
Amorphous red phosphorus thin films were utilized in hopes of restricting the size 
of the BP samples grown. Reaction conditions with varying temperatures and starting 
pressures were investigated in hopes of an allotropic conversion to BP. The temperature 
was monitored by the readout of the tube furnace and the vessel was equipped with a 
pressure gauge for a pressure readout. Temperatures for the reactions were varied from 
650°C up to 950°C. The pressure vessel was run to one temperature and held for various 
times and then turned off. The reactions were allowed to cool at the rate of the tube 
furnace’s cooling down. The high temperatures were investigated in attempts to heat up 
the entire vessel, as only half of the vessel fits inside of the furnace at the time of heating. 
Pressure conditions were also varied based on the starting pressure of the added argon 
with ranges from 250 psi to 500 psi. All of these reactions were run in the presence of the 
Sn/SnI4 catalyst mixture unless mentioned otherwise. Additional variables could have 
been adjusted, however, due to time constraints only these two were varied. 
The starting point of 650°C for the temperature range is not arbitrary at all. This is 
the temperature at which the conversion of BP in sealed ampoule reactions takes 
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place.20,21,80 Temperatures lower than this result in the annealed red phosphorus products 
as investigated previously in sealed ampoule experiments.5 Identical results were 
observed in our own studies as only red phosphorus was found to form with temperatures 
lower than this. To simplify the experiments and number of independent reactions, two 
time intervals were used for the reaction, 6 hours and 18 hours. This is the time that 
describes how long the reaction remained at the specified temperatures. The first 
experiments at 650°C and 250 psi for 6 hours seemed to form primarily a variety of 
shapes from annealed red phosphorus. Figure 1.52 shows both the SEM image (a) and the 
brightfield image (b) of the structures grown under these conditions. When the reaction 
was carried out for 18 hours, arbitrary structures also appeared, however these had a more 
jagged-like appearance approaching wire type structures (Figure 1.52c, d). When 
reactions were carried out at 500 psi starting pressure, similar results were observed. 
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When the centrifuge tubes were removed from the reaction vessel, a ball of 
annealed tin remained. The next set of experiments were carried out with only the 
addition of SnI4 as it was believed that there was already residual tin present, however, 
the results were much different. We suspect that the annealed tin did not provide the 
appropriate equilibrium conditions as were observed in the bulk growth of BP in sealed 
ampoules. The same reaction conditions were held as above with the identical reaction 
time of 6 hours. When the samples were imaged, the brightfield images showed a dense 
growth of phosphorus (Figure 1.53). These samples also included an annealed red 
phosphorus film towards the end of the substrate that maintained a variety of colors.  
Figure 1.52 – (a) SEM image and (b) brightfield image of film conversion at 650°C/250 
psi for 6 hours. (c/d) SEM images from 18 hour reaction showing jagged appearance. 
(a) (b) 
(c) (d) 
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When the samples were imaged with the SEM, the phosphorus structures 
appeared to grow in a hexagon shape and were much more ordered than the previous runs 
(Figure 1.54). Figure 1.54a shows a major difference in contrast between the hexagon 
structures and the annealed film, suggesting a higher conductivity and most likely a more 
crystalline material. The hexagons appeared in various thicknesses up to few micron and 
various diameters up to 6 µm. Attempts to grow the hexagons directly onto the pre-
deposited electrodes similarly brought about interesting results. The red phosphorus thin 
films were deposited onto a wafer containing two sets of the four probe electrodes. When 
these were run under the same conditions, the hexagons were found to preferentially 
grow on the gold electrodes (Figure 1.54c). Likewise, running these reactions for 18 
hours brought about a higher concentration of these hexagons (Figure 1.54d). The 
presence of gold also provided thinner hexagons when compared to just running the 
reaction on the SiO2 substrates. Average diameters were also larger for these samples (6 
µm) with diameters reaching 10 µm for some samples, suggesting that the gold might 
provide a preferential surface for growth. Additional images can be found in Appendix E. 
Figure 1.53 – Brightfield images of red phosphorus film converted under 650°C/250 psi 
in the presence of only SnI4. (a) Annealed red phosphorus film showing variety of colors 
and (b) dense region of phosphorus structures that grew on top of film. 
(a) (b) 
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To better understand the allotropic form of these hexagons, Raman analysis was 
carried out. The Raman spectra for the hexagon structures is shown in Figure 1.55. The 
Raman spectra shows three predominant bands located at 377 cm-1 and 411 cm-1 and 463 
cm-1. The 377 cm-1 peak is representative of the transverse breathing mode of the tube 
structures while the 411 cm-1 is most likely corresponding to the longitudinal breathing 
modes of cage structures. The fact that the 377 cm-1 is on the upper range of this region 
suggests that the P8 cages are predominantly present. The Raman analysis verifies that 
Figure 1.54 – SEM images of red phosphorus films converted under 650°C/250 psi in the 
presence of only SnI4. (a) Annealed film following 6-hour reaction showing cracks and 
thicker structures around edges. (b) Magnified image shows hexagon structures formed 
following 6-hour reaction. (c) Preferential growth of the hexagons on the gold electrodes 
compared to the SiO2 following 18-hour run. (d) Highly concentrated hexagons on gold 
electrodes with average diameters of 6 µm after an 18 hour run. 
(a) (b) 
(d) (c) 
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these hexagons are not of BP, however, as the literature is lacking on Raman 
characterization for the different types of red phosphorus, it makes it difficult to 
completely verify the composition. For this reason, TEM studies were carried out to 
obtain electron diffraction information. 
 
 
 
TEM and SAED patterns were also obtained on the hexagon samples. Hexagons 
were transferred to the TEM grids by scraping them from the substrates. Figure 1.56a 
shows the TEM image of one of the hexagon samples. This sample was sensitive to the 
beam as the edge started to degrade after long exposure. This is visible along the bottom 
right edge of the sample. The hexagons were definitely crystalline as apparent from the 
diffraction patterns shown in the inset and in Figure 1.56b. Some d-spacing values were 
measured and included on the SAED patterns. These d-spacing values were compared to 
the literature values and best matched with those of red phosphorus type IV.5,93 There 
exist many similarities to the values for violet phosphorus, however, there are also an 
Figure 1.55 – Raman spectra of hexagon structures.
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equal number of spacing values that do not match up. Similarities to violet phosphorus 
are expected as both structures have a combination of P8/P9 cage structures with the 
primary difference being in their arrangement. Ruck et al isolated fibrous red phosphorus 
(red phosphorus type IV) and characterized the structure with TEM and XRD.93 Using 
the information provided from Ruck et al (CSD-391323) and Gatan Digital Micrograph 
software, the d-spacing values were calculated and verified a good match with those 
measured from the experimental results.93 Appendix E includes additional data from 
TEM/SAED patterns on the hexagon structures. 
 
  
 
The next temperature explored was 700°C in the presence of both Sn and SnI4 
catalysts. When a 6-hour reaction time was run with 250 psi, similar results to the 650°C 
conditions were observed (Figure 1.57). The thin end of the film on the grown substrates 
is shown in Figure 1.57a and the middle portion of the substrate is shown in Figure 1.57b.  
When a longer reaction time of 18 hours was used, howeer, platelet-like structures began 
1 µm
Figure 1.56 – (a) TEM image of hexagon with inset of SAED pattern verifying crystalline 
structure. (b) Additional SAED pattern with several d-spacing values labeled. 
(a) (b) 
79 
 
to grow that closely resembled the jagged structures grown at 650°C. Brightfield images 
of the 18 hour runs show thicker growth and a darker appearance (Figure 1.57c, d). These 
platelets were visible with SEM imaging. 
 
  
  
 
To better understand the platelet structures, a thicker red phosphorus thin film 
(>100 nm) was used initially with the hope of promoting a greater amount of sample for 
easier analysis. This thicker film was obtained by using close to 2 mg of black or red 
phosphorus during the thin film growth. Figure 1.58a shows the brightfield image of this 
thicker film conversion run at 700°/250 psi for 18 hours. The reflection of the light from 
Figure 1.57 – Brightfield images of red phosphorus thin film conversion at (a/b) 
700°C/250 psi for 6 hours and (c/d) for 18 hours. 
(a) (b) 
(c) (d) 
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the microscope illuminated the larger samples that were oriented flat on the surface. SEM 
images showed the clear thin platelets of varying sizes (Figure 1.58b). Average diameters 
of these platelets were close to 10 µm, with some diameters as large as 50 µm observed. 
Thicknesses seemed to remain thin, which was not the case with the some of the hexagon 
structures grown on the SiO2 substrates. Additional images of these platelets can be found 
in Appendix E. These large platelets most likely belong to violet phosphorus as platelet 
formation was mentioned previously in the literature.7 To further verify this, some 
information about the crystal structure must be investigated. 
  
 
Raman analysis of the platelet structures revealed only one primary peak around 
421 cm-1 (Figure 1.59). As additional spectra were obtained, however, another peak 
around 462 cm-1 appeared and the 421 cm-1 disappeared. The 462 cm-1 signal can be 
attributed to the extended breathing modes of the cage structures.11,97 The reason for the 
difference in the spectra can be explained by looking at the SEM images of the sample. 
The platelets grew in all different directions and the orientation dependence of BP 
Figure 1.58 – (a) Brightfield image and (b) SEM image of red phosphorus film converted 
under 700°C/250 psi for 18 hours. Large platelet structures can be observed in various 
dimensions.  
(a) (b) 
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samples has been discussed previously. It is likely that violet phosphorus experiences a 
similar angular dependence with the Raman spectra.  
 
 
These platelets were prepared for TEM by scraping them from the substrate to the 
TEM grids. TEM and SAED patterns verified the crystallinity of these samples, as could 
have been guessed from the appearance. Figure 1.60 shows the data from the TEM 
studies. TEM images of two different samples are shown in Figure 1.60a/b. The sample 
in Figure 1.60b shows a clear layering of the sample. This is further verified by the 
rippled appearance of the sample from the slight offset of layers causing interference and 
twinning in the SAED pattern (Figure 1.60d). High-resolution TEM shows a high 
ordering of the phosphorus atoms (Figure 1.60c). Several d-spacing values were 
measured and are included on the SAED pattern. These values were found to match well 
with the literature value and calculated values for violet phosphorus.5,7 
Figure 1.59 – Raman spectra of platelet structures grown at 700°C/250 psi for 18 hours.
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Looking into the 700°C/250 psi conditions with only the SnI4 results in similar 
hexagon formation as observed at 650°C. Figure 1.61 shows SEM images of the hexagon 
structures along with additional rod-like structures that were formed. Reactions were 
carried out at both 6 and 18 hours and similar results were observed as mentioned above. 
The 6-hour reaction had minimal structures with some hexagons scattered throughout the 
substrate. The 18-hour reaction resulted in a larger number of distinct structures and 
thicker samples. The hexagons were verified to be identical to those formed at 650°C 
Figure 1.60 – TEM images of violet phosphorus grown at 700°C/250 psi for 18 hours. (a 
and b) TEM images of layered samples. (c) High resolution TEM showing ordering of 
phosphorus atoms from sample shown in (a). (d) SAED pattern of image shown in (b).  
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with Raman analysis. The rod-shaped structures were also analyzed with Raman analysis 
and found to have matching spectra to that of the hexagons (see Appendix E). 
 
  
 
The remaining temperature and pressure conditions for the vessel reactions have 
been summarized in the following section. The major difference between the 6-hour and 
18-hour reaction times is that the longer reaction time brought about thicker and typically 
more structured sample growth. A summary of brightfield images of the most 
representative samples have been selected and compiled in the tables below. Table 1.4 
and Table 1.5 show the differences at the lower starting pressures of 250 psi for both 6-
hour and 18-hour reaction times. At lower temperatures and 6-hour runs, the amorphous 
red phosphorus films appeared to simply be annealed as is. With the extended reaction 
times, the thinner regions of the film cracked and leaf-like branching of the phosphorus 
occurred. An increase to 700°C showed similar results at lower reaction times, while the 
extended reaction times began to show some structures forming. The circular structures 
Figure 1.61 – SEM images of hexagon structures and rod-shaped phosphorus structures 
grown at 700°C/250 psi for 18 hours. 
(a) (b) 
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formed on the substrates were initially believed to belong to Sn-phosphide formation. As 
reaction temperatures increased, these circular regions were found to actually be 
nucleation points for phosphorus structure growth. This is clear from the 800°C reaction 
that was run for 6 hours as visible structures formed. Layered looking structures began to 
form in what appeared as droplets on the substrate, with some regions never developing. 
These layered structures could be a result of a vapor-liquid-solid type of crystal growth as 
has been observed elsewhere in the literature with other semiconductor materials.100 18-
hour reactions at these temperatures showed thicker samples forming in the droplet-like 
regions along with additional rod structures throughout the substrate. Additionally, some 
of the smaller dot-like samples that remained even at higher temperatures can be 
attributed to Sn-phosphide formation. Also, extended branching was observed as was 
formed during the 18-hour runs at 650°C. 
Exploring the higher-end of the temperature conditions brought about the images 
as selected in Table 1.5. At 850°C, further layering of the samples was observed at both 
6-hour and 18-hour reaction times. Branching of the phosphorus structures was observed 
with layering of the samples as well with the 18-hour reaction times. When the 
temperatures were extended to 900°C, much more ordered structures began to form and 
were of larger area than previously observed. From 900 to 950°C, a minimal difference 
was observed with the appearance of the samples. The 18-hour reaction times continued 
with the trend of thicker and larger area growth of the samples and images can be viewed 
in Table 1.5 below. 
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 6 hours 18 hours 
650°C/ 
250psi 
 
700°C/ 
250psi 
 
800°C/ 
250psi 
 
 
 
Table 1.4 – Brightfield images of lower-end temperature conditions for red phosphorus 
thin film growth at 250 psi and comparing both 6-hour and 18-hour reaction times. 
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 6 hours 18 hours 
850°C/ 
250psi 
  
900°C/ 
250psi 
  
950°C/ 
250psi 
  
 
A majority of the 500 psi reactions showed very similar results to the 250 psi 
reactions, suggesting that the temperature and time of the reaction had a larger effect on 
Table 1.5 - Brightfield images of the higher-end temperature conditions for red phosphorus 
thin film growth at 250 psi and comparing both 6-hour and 18-hour reaction times  
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the sample growth. SEM images were found to be typically more revealing to the 
structures of the materials grown, so the two tables below summarize the high pressure 
reactions with SEM images of the samples run at same temperature conditions as shown 
above. Table 1.6 shows the temperature ranges from 650-800°C. As can be observed, 
many of the reactions emulated those at the 250 psi starting pressures. Reactions at 650°C 
formed either an annealed red phosphorus film or a variety of arbitrary shapes. When 
temperatures were increased to 700, small platelet structures began to form and when the 
reaction time was extended to 18 hours, the thicker regions of the film seemed to convert 
in a film-like manner as well. The 800°C reactions brought about more distinct structures. 
The 18 hour reactions at 800°C began to form more crystalline looking phosphorus, 
however, the rough edges in all directions indicate a lack of uniformity.  
For the higher end of the temperature range, Table 1.7 summarizes the thin film 
conversion from 850°C up to 950°C at a starting pressure of 500 psi. Once again, these 
results emulate the lower pressure reactions closely. The higher temperatures definitely 
resulted in more defined structures. The shorter times formed more isolated samples, 
while the 18-hour reactions began to form larger networks. The best example of this case 
is viewed at 900°C where the 6-hour reaction shows an isolated sample that is 
representative to most of the samples on the substrate. As the time was extended to an 18-
hour reaction, it seems as though crystal growth continued and the phosphorus began to 
branch further out. This also means that thicker samples were typical of 18-hour 
reactions, which allow for easier analysis but are not desirable for 2D applications. The 
950°C reactions had similar results to those at 900°C. The primary difference being that 
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the 18-hour reactions formed much larger and uniform structures as is shown in Table 
1.7. 
 6 hours 18 hours 
650°C/ 
500 psi 
  
700°C/ 
500 psi 
  
800°C/ 
500 psi 
  
 
Table 1.6 – SEM images summarizing the amorphous red phosphorus thin film 
conversion at the lower-end temperatures with starting pressures of 500 psi. 
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 6 hours 18 hours 
850°C/ 
500 psi 
  
900°C/ 
500 psi 
  
950°C/ 
500 psi 
  
 
Some additional unique structures were formed throughout these reactions and 
additional characterization of these samples can be found in Appendix E of this work. 
Table 1.7 - SEM images summarizing the amorphous red phosphorus thin film 
conversion at the higher-end temperatures with starting pressures of 500 psi. 
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The SEM images provide a general idea about the shapes that are formed, but additional 
characterization is necessary to develop a deeper understanding into the conversion of 
these allotropic forms throughout the pressure vessel runs. A compiled version of the 
Raman spectra is shown in Figure 1.62. The bottommost spectrum belongs to the 
amorphous red phosphorus thin films that all of these reactions began with as starting 
material. The amorphous red phosphorus was completely featureless as the sample was 
found sensitive to the beam. Raman analysis of red phosphorus can be found in the 
literature and characteristically contains very broad peaks within the 350-500 cm-1 range. 
The first reaction time of 650°C brings about the first Raman signals with peaks at 377, 
410, and a broad range around 460 cm-1. The fact that the material held up to the Raman 
source suggests that the sample is already more stable and probably more crystalline than 
the amorphous form. This spectrum was found to be identical to that of the hexagon 
structures that were formed and most likely composed of P8 and P9 cage combinations as 
described earlier. The 700°C conditions brought about the large platelet structures, which 
provided only one Raman signal at 419 cm-1. This peak is a result of the longitudinal 
breathing modes of a combination of the P8 and P9 cage structures. The reason that only 
one peak is present is because of the orientation of the samples on the substrate. It can be 
noticed that the samples are growing in all different directions with some platelets 
growing perpendicular to the substrate. Multiple acquisitions across the sample brought 
about an additional signal at 465 cm-1 and this orientation dependence is shown in Figure 
1.59. The difference in the Raman shift for the longitudinal breathing modes could be 
caused by a different ratio of the P8 and P9 cages present between the samples. It is more 
likely that the violet phosphorus is more ordered and the cages are present in equal 
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numbers. Increasing the temperature to 800°C provided a Raman spectrum again very 
similar to the hexagon structures. The images tell a different story, however, as the 
phosphorus is beginning to expand out in rod-like structures along with layered-like 
structures beginning to form in the droplet regions on the substrates.  
 
 
At the 850°C reaction temperatures, a new set of distinct Raman bands appear. 
These spectra all maintained a small signal right around 370 cm-1 suggesting that there 
are still some transverse breathing modes present, but the major difference was within the 
region above 430 cm-1. Two bands can be observed at 444 and 453 cm-1. Distinct bands 
within this region suggest that there are structural changes to the backbone of the 
Figure 1.62 – Compiled Raman spectra of pressure vessel reactions ranging from 650°C 
to 950°C for the 500 psi reaction pressures and 18-hour reaction times. The bottommost 
spectrum is that of the amorphous red phosphorus thin film and is unlabeled on the plot. 
950°C 
900°C 
850°C 
800°C 
700°C 
650°C 
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phosphorus structures occurring. The major difference can be observed when the 900°C 
temperature was reach through both the Raman and the imaging techniques. The Raman 
spectrum contained four bands at 365, 383, 449, and 472 cm-1. The 383 band is 
representative of additional P8 cages and suggests a mixture of products at the location 
where this spectrum was obtained. The 365, 449, and 472 cm-1 bands are very close to 
those observed in BP, suggesting that conditions are close for the growth of BP. Larger 
structures can be observed in the SEM and brightfield images for these time conditions. 
When the temperature was increased another 50°C, two distinct bands were observed at 
444 and 466 cm-1 and were representative of the B2g and the Ag2 bands, respectively. This 
suggests that the temperature conditions for thin film conversion to black phosphorus 
must meet at least 950°C during the process to prevent additional allotropes to form. The 
primary reason that this high of a temperature is required is due to the fact that the 
pressure vessel is rather large and cannot be uniformly heated all at once. For this reason, 
it is necessary to exceed the temperatures needed for the sealed ampoule growth of bulk. 
As the temperature conditions approached 950°C, the Raman spectra closely 
represented that of BP. The sealed ampoule reactions for growth of bulk BP typically 
involved a slow and complicated cool down to promote crystal growth. For this reason, 
studies were continued with a similar temperature ramp as used with the sealed ampoule 
growth, however, higher temperatures were used for reasons mentioned earlier. To 
emulate the ampoule reactions, pressure vessel studies were run with a slower cooldown 
to similarly promote crystal growth an example of this temperature/pressure ramp is 
shown in Figure 1.63. As the pressures of either 250 psi or 500 psi did not have any 
major observable differences, pressures between 300 and 400 psi were used for these 
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experiments. The amount of catalyst was also increased to 100 mg of Sn and 75 mg of 
SnI4. 
  
 
The first of these two experimental reactions was carried out with an initial 
temperature set to 950°C and a pressure set to 400 psi. The reaction was allowed to 
equilibrate at 950°C and then held for 30 minutes. This was followed by a cool down of 
50°C every 30 minutes with extended times of 1 hour at 850 and 750°C. Following the 
30-minute hold at 650°C, the tube furnace was shut down and the vessel was cooled at 
the rate of the furnace. The second of these reactions began with a similar approach, 
however, this reaction was cooled to 600°C and held overnight. Images of these two 
conditions revealed different phosphorus structure formation from the difference in the 
cooling conditions. Figure 1.64 shows the brightfield images of the samples that were run 
with the slower cool down with the slightly longer holds at 850 and 750°C. Figure 1.64a 
shows the red phosphorus film prior to conversion. Figure 1.64b shows a similar region 
imaged following extended times at the higher temperatures. These conditions were 
found to form thicker, layered looking structures. When further experiments were carried 
Figure 1.63 – Temperature and pressure conditions for two experimental runs carried out 
with slower cooling periods. (a) Experimental conditions included extended times at 
850°C and 750°C. (b) Reaction was heated at 600°C for extended period.     
(a) (b) 
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out with an even longer hold at 850°C, these structures were found to grow substantially 
thicker (Figure 1.64c/d).  
  
  
 
When the samples were imaged from the extended cooldown period at 600°C, a 
different combination of phosphorus structures could be observed (Figure 1.65). The 
brightfield images revealed a combination of similar layered structures that were grown 
in the aforementioned experiments, however, additional rod-like structures could be 
observed (Figure 1.65a). SEM images were obtained on these phosphorus rods and the 
images revealed a very similar unusual morphology to the fibrous phosphorus structures 
Figure 1.64 – Brightfield images of the extended cool down conditions. (a) Image of red 
phosphorus thin film prior to conversion. (b) Pink colored structures formed following at 
slow cooldown with extended times at 850 and 750  
(a) (b) 
(c) (d) 
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that were mentioned by Eckstein et al.94 The mixture for the components is most likely a 
result of the catalyst used and the extended time at 600°C during the cooldown. 
   
 
Looking at the Raman data, a clear mixture of components is present. Figure 1.66 
shows the compiled Raman spectra for the larger layered structures grown in both of 
these reaction conditions along with the spectra of the phosphorus rods. The layered 
structure shows two primary peaks at 444 and 466 cm-1 which are representative of the 
bands of BP. The rod structures have a Raman spectra identical to the phosphorus 
hexagons that were grown at 650°C in the presence of SnI4. This is suggestive that the 
rod structures most likely belong to fibrous red phosphorus (red phosphorus type IV). 
Similar to what was observed with the phosphorus hexagons, the peak at 382 cm-1 is 
representative of transverse breathing modes of P8 cage structures. The peak at 411 cm-1 
is representative of the longitudinal breathing modes of the cage structures and the broad 
range from 430-470 cm-1 is representative of the extended breathing modes and backbone 
structure. Reducing the amount of time spent at the lower temperature range for these 
Figure 1.65 – (a) Brightfield image of slow cooldown with extended hold at 600°C 
showing similar layered structure in bottom right corner with additional rod-like 
structures. (b) SEM image of these rod-like structures. 
(a) (b) 
(a) (b) 
96 
 
pressure vessel reactions seems to reduce the mixture of the allotropic forms present. This 
slow cooldown also brought about unique phosphorus structures, suggesting that the 
cooldown period can significantly affect the structural formation. Many additional 
pressure vessel reactions were carried out with various cooldown conditions. Some of 
these ramp profiles with additional images of samples obtained can be found in Appendix 
E of this work. 
 
 
Trying to maintain a more uniform cooldown with a temperature ramp that most 
closely emulated the sealed ampoule reactions brought about the most promising results. 
The temperature and pressure ramp for this set of experiments is shown in Figure 1.67. 
This reaction was carried out at 950 °C/400 psi and once the pressure equilibrated this 
temperature was held for 30 minutes. The temperature was then incrementally cooled 
another 50 °C every 30 minutes until the vessel reached 700 °C. This was followed by an 
Figure 1.66 – Raman spectra of layered structures (top) and rod structures (bottom) 
grown under the extended cooldown conditions. 
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hour period at 700 °C and 600 °C and then the reaction was stopped by turning the tube 
furnace off.  
 
 
Following the reaction, brightfield and SEM images were obtained (Figure 1.68). 
BP samples grown by this method will be referred to as substrate black phosphorus or 
SBP, representative of BP samples directly grown onto the substrates from the red 
phosphorus thin films. The SBP sample shown here is rather large in thickness (roughly 
600 nm thick), but provided a region large enough for complete analysis. The contrast 
between the substrate and residual red phosphorus compared to the SBP sample provide 
information on difference in conductivity, however, additional investigation is required to 
further verify the sample composition. It should be noted that large amounts of similar 
looking samples were found throughout the entire substrate with continuous regions as 
large as 9,000 µm2 (Figure 1.68), however, a large amount of annealed red phosphorus 
was present as well, so a mixture of components was common. Further characterization 
and additional images of other SBP samples can be found in the Appendix E section of 
Figure 1.67 - Standard temperature/pressure ramp for growth of SBP from the red 
phosphorus thin films. Temperature recorded was that of the tube furnace 
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this work. Thicknesses and surface characteristics were determined by obtaining AFM 
images of these SBP samples. Figure 1.69a shows a clear layering on the surface of a 
thicker SBP sample similar to the one shown above. The height profile (Figure 1.69b) 
shows a difference of approximately 0.85 nm between two layers which is representative 
of a single layer of BP.59  
  
 
 
Figure 1.68 – (a) Brightfield image and (b) SEM image of BP grown directly onto the 
SiO2 substrate. This sample is approximately 600 nm thick. 
Figure 1.69 – AFM image of SBP on SiO2 substrate. (a) Layering of the material with 
magnified inset showing spacing between individual layers. (b) Height profile of the inset 
image and a gap of roughly 8.5 Å between two layers. 
(a) (b) 
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A logical next step in characterization of this sample was done using Raman 
spectroscopy, looking for the similar Ag1, B2g, and the Ag2 bands as mentioned previously. 
In our measurements, the peaks at 442 and 470 cm-1 are strong, but the Ag1 mode at 365 
cm-1 is very weak in the SBP sample (Figure 1.70). A weak signal was observed for the 
365 cm-1 peak in the bulk black phosphorus sample as well, as discussed in section 1.2.3. 
This can be explained by the angular dependence of the Raman response since BP is an 
anisotropic material and polarized-Raman studies will be discussed later.35,36 The 
presence of an extra small broad peak around 397 cm-1 in the SBP sample can be 
explained by the slight decomposition of the material to phosphoric acid as an oxidation 
product.101 The air sensitivity of the material was also observed with AFM studies as the 
sample noticeably decomposed and phosphoric acid formed on the surface from exposure 
to air for 48 hours. Decomposition was prevented by storing samples in a vacuum 
desiccator. 
 
 
Figure 1.70 – Raman spectra of (a) 2D amorphous red phosphorus film, (b) exfoliated BP 
from bulk, and (c) SBP sample 
(a) 
(b) 
(c) 
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TEM characterization verified the crystallinity of the samples. SAED patterns 
showed a nice diffraction and d-spacing values were obtained. The measured d-spacing 
values of 2.62Å, 1.74Å, and 1.30Å match those of the (004), (006), and (117), 
respectively, from X-ray diffraction data of bulk BP.16 Without tilt studies or a variety of 
samples oriented on different axes, it is not possible to solve the crystal structure with 
TEM so it is necessary to compare d-spacing values to those described in the literature. 
The combination of the AFM studies along with the Raman and electron diffraction data 
verified the growth of BP from the amorphous red phosphorus thin film.  
 
 
Repeated experiments with an extremely thin red phosphorus thin film brought 
about the growth of thin BP samples. These samples were run under the same reaction 
conditions as mentioned above. The thin samples appeared green in color towards the 
edges with some of the thicker regions looking pink. The green color is a result of a 
different thickness of the SiO2 layer of these substrates so the thinner samples appear 
Figure 1.71 – (a) TEM image of a small piece of SBP sample detached from a silicon 
substrate and the respective (b) SAED pattern showing crystallinity of the SBP. 
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closer to the color of the substrate. Figure 1.72a shows scattered samples on the substrate 
with the magnified image in Figure 1.72b. AFM images revealed extremely thin samples 
(Figure 1.73). The first AFM sample was found to be approximately 3.4 nm thick with an 
area of 0.35 µm2. Additional scans brought about a larger area sample with an identical 
thickness of 3.4 nm which is representative of 4-layers of phosphorene (Figure 1.73b). 
  
 
 
Figure 1.72 – Brightfield images of extremely thin SBP sample.
Figure 1.73 – AFM images of thin film SBP. (a) SBP with 0.35 µm2 area. Inset: Height 
profile for SBP thin film showing thickness of approximately 4 layers (3.4 nm). (d) AFM 
of larger area thin film of SBP with respective inset of height profile that is also 
representative of 4 layers and 3.4 µm2.  
(a) (b) 
(a) (b) 
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 TEM images brought about a clear layered structure as can be seen in Figure 
1.74a. These edges of this sample have a similar shape to that of the samples shown in 
the AFM images. They layered structure also visible in the SAED pattern in Figure 1.74b 
from a slight twinning pattern. Several d-spacing values were measured and are included 
on the SAED pattern. These were matched with the literature values and are also in good 
agreement with the calculated d-spacing values for BP.16 Further verification of BP 
growth was verified through Raman studies. Figure 1.75 shows combined Raman spectra 
of these SBP samples with and without polarization. The polarized Raman experiments 
bring about the 365 cm-1 peak and further verifies the SBP growth.  
  
100 nm
Figure 1.74 – Additional TEM image of SBP sample showing layering and respective 
SAED pattern with some labeled d-spacing values. 
(a) (b) 
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Electrical characterization of the samples was carried out by transferring the SBP 
to a substrate containing pre-deposited gold electrodes as lithography techniques were not 
available. The typical I-V curve for black phosphorus was also visible with the transferred 
SBP sample representing that of a semiconductor material.40 Field-effect transistor 
measurements were carried out using a bottom silicon gate with a silicon dioxide insulating 
layer. The effects on the I-V curve verified the p-type character of the SBP as a negative 
gate provided greater electron flow (Figure 1.76a). The transfer curve shows a high on/off 
for the transistor of ~104 (Figure 1.76b). As this sample was rather thick, however, we 
believe that similar result can be attained with the thinner samples as shown above. 
Figure 1.75 – Raman spectra of (a) SBP sample without polarization and (b) with y-
polarization showing the presence of the 365 cm-1 band. 
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This work can be summarized in the following figure (Figure 1.77). The use of 
the amorphous thin film of red phosphorus has allowed for the growth of “1D” 
phosphorus wires, “2D” violet and BP, and even “3D” hexagonal phosphorus structures. 
The lower temperature regime allows for the growth of the phosphorus wires in the 
presence of the SnI4/Sn catalyst mixture. With only the SnI4, the equilibrium is shifted 
and likely causes a greater amount of iodine that promotes the hexagon formation over 
other structures. Increasing temperatures in the presence of both catalysts favors the 
violet phosphorus platelets and shows more ordered structures forming. The highest 
temperature conditions were required for the growth of SBP, also in the presence of both 
catalysts. These unique structures all provide potential applications in their own. It is 
believed that optimization of this pressure vessel reaction will allow for an even higher 
selectivity of the allotropic forms. This method also allows for scalability in both area 
and thickness, which opens up the door for even greater possibilities.  
Figure 1.76 - Field effect characteristics of SBP samples. (a) I-V characteristics at 
varying gate voltages showing p-type characteristics. Inset shows brightfield image of 
transferred SBP sample over gold electrodes. (b) Source-drain current (Ids) with varying 
gate voltages in both linear scale (orange/left side) and logarithmic scale (blue/right side). 
Channel length was 10 µm and the Vds was held at 1V.   
(a) (b) 
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1.5.4 Summary 
 
This work has showed a successful conversion of the amorphous phosphorus thin 
films to a variety of crystalline phosphorus allotropes while maintaining 2D aspects. Prior 
to these studies, the only methods for conversion have required sealed ampoule 
experiments or high-pressure-anvil cells. This work shows the novel idea of conversion 
of amorphous red phosphorus thin films for direct growth of additional 2D phosphorus 
allotropes onto a substrate of choice. A range of temperatures was explored from 650-
950°C and the starting pressure conditions were varied from 250 psi to 500 psi with 
argon to maintain an inert atmosphere. These first reactions explored varying reaction 
times of 6-hour or 18-hour runs. After the allotted time, these reactions were allowed to 
cool at the rate of the tube furnace. Lower temperature conditions in the presence of the 
Sn/SnI4 catalyst revealed predominantly annealed red phosphorus or violet phosphorus 
Figure 1.77 – Compiled data for variety of structures formed from the amorphous red 
phosphorus thin film conversion including SEM images, TEM/SAED images, and Raman 
data for the “1D” phosphorus wires, “3D” hexagons, and “2D” violet and SBP samples. 
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platelets. Eliminating the Sn from the reaction resulted in phosphorus hexagon formation 
that matched that of fibrous red phosphorus. Increasing the temperatures revealed 
structures with a layered and more ordered appearance. Raman spectroscopy showed the 
transitions from 650-950°C, showing that the higher temperatures were required to 
promote BP growth. The primary reason for the high temperature requirement is likely a 
result of the pressure vessel being too large for complete heating.   
The next step in experimentation was exploration into varying the cooling 
process. Extending the cooling time in attempt to emulate the ampoule reactions revealed 
that the cooling process plays a pivotal role in the structural formation. Extended times in 
the 600-650°C region resulted in a mixture of components, specifically fibrous red 
phosphorus formation, which was verified with Raman spectroscopy. Carrying out 
extended cooling curves with a longer hold in the 800°C temperature region eliminated 
the formation of these rods and predominantly formed larger area layered structures. The 
best results were achieved when running a cooldown with 50°C decrease every 30 
minutes with 1 hour holds at 700°C and 600°C. Using a slightly thicker red phosphorus 
thin film resulted in relatively thicker SBP samples grown. Decreasing the initial 
thickness of the red phosphorus thin film allowed for a more restricted growth of the SBP 
samples. Samples were not found to be in extremely large areas, however, it is possible 
that through further studies and optimization, this can be achieved. Electrical 
characterization of these SBP samples revealed the potential use as FET devices as gate 
modulated current was observed.  
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1.6 Conclusions 
 
The primary goal of this work was to utilize the already implemented techniques 
for obtaining graphene from graphite and adapt them for use with phosphorene from 
black phosphorus. The first method to be investigated was that of mechanical exfoliation. 
Many of the issues arose from the fact that bulk samples of BP do not grow in the same 
manner as HOPG so separation of large area films is not easily attainable with this 
method. Adaptations of the tape method were explored, including a drawing method and 
a combinatorial tape/drawing method. All of these methods still proved difficulties with 
obtaining targeted deposition of the samples on the substrate along with the size of the 
samples obtained, however, improvements were noted with the tape/drawing method over 
the previous two. Scalability is a desirable property for many applications in the 
semiconductor fields.  
For the reasons mentioned here, we began to investigate alternative pathways of 
obtaining thin films of BP samples. Initial experiments were carried out with a CVD-like 
approach and were attempted with both red phosphorus and BP as starting materials. 
Both of these resulted in the formation of completely amorphous red phosphorus thin 
films. This mishap provided us with a new method to obtain scalable thin films of red 
phosphorus on any desirable substrate. The attraction with this method is that these red 
phosphorus thin films could have applications in nuclear chemistry, however, the primary 
suggested use is as a precursor to additional phosphorus allotrope growth. 
Investigations into these thin film conversions were explored in sealed ampoule 
experiments and revealed the selective growth of phosphorus wires on the substrate. 
These wires were found to most closely resemble that of fibrous red phosphorus. 
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Electrical characterization of these revealed similar mobility values to those in the 
literature for BP. FET devices were constructed and a gate-modulated response was 
observed. These same devices were investigated for optoelectronic performance with use 
as a photodiode. A significant current response was observed as the wavelength of light 
was varied, suggesting potential use as a photodetector. This opens the possibility for 
additional optoelectronic applications.  
Utilizing a similar approach, investigations into conversion of the red phosphorus 
thin films were carried out in pressure vessel reactors. A variety of temperature and 
pressure conditions were explored and results yielded the formation of red phosphorus 
varieties, including violet phosphorus, along with black phosphorus formation. Fibrous 
red phosphorus was found to grow in hexagonal shapes in the presence of SnI4 and 
increased selectivity was observed on a gold substrate. As these structures are very 
similar to the phosphorus wires, it suggests similar potential applications could be 
explored. Violet phosphorus platelets were formed from the thin film conversion in the 
presence of the Sn/SnI4 mixture. Fibrous red phosphorus rods were grown from the thin 
film as well. The most promising results were achieved when investigating the slow 
cooldown conditions in which successful conversion to BP was observed. This method 
provides the potential growth for a variety of these phosphorus allotropes at a low cost 
and eliminates the complications with sealed ampoules or exfoliation techniques. 
1.7 Future Work 
 
Future experiments within our lab will look into the effects of changing the 
substrate for the pressure vessel reactions to see if selected growth of various phosphorus 
types is attainable. As the red phosphorus films have the capability of formation on a 
109 
 
variety of substrates, it is possible that varying the substrates can provide a more reactive 
surface. This effect was observed with the fibrous red phosphorus hexagon formation as 
the gold substrate provided larger area and thinner hexagon formation suggesting that the 
gold provided a more favorable surface for crystal growth. Exploration into these effects 
could provide a much larger area SBP. 
Additionally, further optimization of the pressure vessel conditions will be 
explored. Ideally, a smaller pressure vessel will be utilized that will allow for a more 
uniform heating and an entirely new system design is likely. It is essential to investigate 
all possible conditions to optimize for temperature, pressure, and time of the reaction to 
provide a quick and low cost growth of the materials. Providing more uniform heating 
could eliminate the need for such high temperature conditions, which would be cost 
effective and potentially speed up the reaction time. This would also allow further 
exploration into the substrate effects as lower temperatures would prevent substrate 
degradation. 
Investigations into additional catalyst systems will also be explored in the 
pressure vessel conversions. Some studies have been carried out by Eckstein et al, 
however, with the growth of bulk material.94 They observed single-phase growth of one 
allotropic form by changing to CuCl2.94 It is necessary to investigate whether these 
catalysts provide more selective growth of BP in the 2D regime and eliminate any 
mixture of allotropic forms. The tin (IV) iodide and tin combination provides a very low 
cost catalyst, however, exploration into additional catalyst systems may favor formation 
of larger 2D films or additional 2D structures.   
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Lastly, further studies can be carried out with developing a mask for deposition of 
electrodes directly onto the desired samples. The exfoliation onto the substrate does 
provide enhanced effects by eliminating current loss from contact with the SiO2 surface, 
however, the difficulties with transferring these samples is worth the change. This would 
also allow for a direct comparison to the literature values for mobility measurements, 
which is essential to understand. When the CVD growth of graphene was initially 
explored, it was found to cause defects in the crystal structure, which directly effects the 
electron and hole transport and can limit the applications. It is essential to understand if 
any major differences in the crystal structure occur from this direct growth method when 
used with the phosphorus allotropes. Hall bar measurements would also aid in this 
investigation, which can be taken into consideration when preparing a mask for 
lithography deposition of electrodes as specialized geometries are required. Having the 
lithography deposited electrodes would allow for direct measurements of these few-layer 
phosphorene samples and also device implementation. This would provide the potential 
for further exploration into optoelectronic properties and additional semiconductor 
applications. 
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Chapter 2: Understanding of Floating-Electrode Dielectric Barrier Discharge plasma 
treatment of solutions 
 
2.1 Introduction to plasma 
 
2.1.1 Description of plasma 
 
As the energy of molecules increases, matter transforms from solid to liquid to 
gas. These phase transitions are dependent on the temperature and pressure of the system 
along with the chemical composition. As additional energy is applied to gaseous 
molecules, they can become ionized through collisions with other molecules or 
electrons.102,103 This “ionized gas,” otherwise known as plasma, is often described as the 
fourth state of matter (Figure 2.1).102 Within the plasma exist positive and negative ions, 
neutral atoms, electrons, photons, and some free radical species. The formation of these 
charged species results in the ability to conduct electricity and respond to magnetic fields. 
Thus, the definition of plasma can be expanded to “quasi-neutral ionized gas” in which 
the charged particles are large enough in quantity to affect the electrical properties, but 
when viewed macroscopically maintain an overall neutral charge.102  
 
 
Figure 2.1 – Phase diagram for the different states of matter104 
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Plasma State Example 
High Temperature Plasma 
(Equilibrium plasma) 
Te ≈ Ti ≈ Tg, Tp = 106 - 108 K 
ne ≥ 1020 m-3 
Laser fusion plasma 
  
Low Temperature Plasma 
Thermal Plasma 
(Quasi-equilibrium plasma) 
Te ≈ Ti ≈ Tg ≤ 2x104 K 
ne ≥ 1020 m-3 
Arc plasma, plasma torches 
  
Non thermal plasma 
(Non-equilibrium plasma) 
Te >> Ti ≈ Tg = 300…..103 K 
ne ≥ 1010 m-3 
Corona, Atmospheric-Pressure 
Plasma Jet, 
Dielectric Barrier Discharge 
 
Plasma is believed to constitute 99.999% of the visible universe by mass.106 
Plasma can be formed over a variety of temperatures and pressures by providing an 
energy source to gaseous molecules to generate excited species. These energy sources 
can be mechanical, thermal, chemical, or electrical through an applied voltage.105 A 
general classification can be made to differentiate plasma types between high and low 
temperature (Table 2.1).  
These classifications are made based on the thermal equilibrium state of all the 
species present, including electrons, ions, and other gas phase neutral molecules. High 
temperature plasmas are considered an equilibrium-plasma since the electrons, ions, and 
neutral species present are at thermal equilibrium. These temperature ranges vary 
between 106-108 K, and are typically used in plasma material processing and plasma 
treatment of waste materials.105 Low temperature plasmas are subdivided between 
Table 2.1 - Classification of plasma (Key: Te – electron temperature, Ti – ion 
temperature, Tg – neutral gas temperature, Tp – plasma temperature, ne – electron 
density)105 
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thermal plasma and nonthermal plasma. Within thermal plasmas exist local thermal 
equilibrium states where the temperatures may be different at various points in space and 
time, but the changes occur slowly enough so the system can be considered 
thermodynamically equal.105 For this reason, thermal plasmas are considered a quasi-
equilibrium plasma since the electrons, ions, and neutral species are approximately the 
same temperature. Thermal plasmas have close to the same electron density as high 
temperature plasmas but differ in the temperature range. Thermal plasmas are also called 
completely ionized plasma, since a large ratio of charged species to neutral species 
results.102  
Non thermal plasmas are considered non-equilibrium since the temperature of the 
electrons differs greatly compared to that of the ions and neutral species.102 These 
plasmas were termed “cold plasmas” because the temperature of the ions and neutral 
species remain relatively close to room temperature.105 Non thermal plasmas are 
considered to be weakly ionized plasma, since the ratio of ionized species to neutral 
species is low.102 The electron density varies on the order of 5-10 magnitudes less than 
other plasma types. Cold plasmas are commonly generated at lower pressures, including 
atmospheric pressure, making generation easily obtainable within a laboratory.105 A 
major advantage of cold plasmas is in the treatment of heat sensitive materials like 
biological tissues, making it an attractive plasma within the medical field.105 
2.1.2 Plasma generation 
 
The first electrode that was developed for the generation of cold plasma is known 
as corona discharge.105,107,108 Corona discharge typically uses a pulsed DC voltage power 
supply to generate an electric field in a gas source between an asymmetric electrode 
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pair.105 The first electrode is typically a point or wire electrode that a high electric field is 
passed through and provides a generation of plasma towards a second, planar surface 
electrode.105 The difference in shape of the two electrodes generates a non-uniform 
discharge that spreads out from the wire electrode to the surface electrode.105 Two of the 
major hindrances of corona discharges are space limitations for the asymmetric 
electrodes and the lack of uniformity.105 Another type of cold plasma generation is 
atmospheric-pressure plasma jet (APPJ).105 APPJ is typically generated by two concentric 
electrodes through which the gas source flows.105 APPJ is commonly coupled with a 
radio frequency (RF) power supply.105 The ionized gas is generated between the 
electrodes and travels through the nozzle producing a homogeneous and uniform 
discharge.105 One disadvantage of APPJ sources is that the area exposed to the plasma is 
restricted to the size of the jet generated.105 Uniformity concerns in corona discharge and 
size distribution limitations for plasma generation in APPJ have led to the use of 
dielectric barrier discharge (DBD) electrodes for plasma generation.  
DBD utilizes an AC power source to discharge between a gap of two electrodes 
with at least one being covered by a dielectric layer, as seen in Figure 2.2(a).105 This 
diagram depicts the floating-electrode DBD, where only the top electrode contains the 
dielectric barrier. The addition of a dielectric layer serves two purposes; preserving the 
electrode by preventing electrode etching and corrosion, and promoting the formation of 
non-thermal plasma rather than an arc formation.105,109 AC voltage must be utilized to 
prevent buildup of charge on the dielectric surface.109 Since DBD is primarily utilized in 
oxygen-containing gases, such as air, the discharge results in the formation of 
microdischarges. 
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Microdischarges formed by DBD have a radius between 50 and 100 micrometers 
with electron energies ranging between 1-10 electron volts (eV).109 These 
microdischarges appear as filaments visible to the human eye as seen in Figure 2.2(b). 
The formation of these non-uniform microdischarges is a result of charge build up on the 
surface during the time it takes the discharge to bridge the gap between the electrodes. A 
decrease in the time it takes to bridge the gap would result in less charge build up and 
more uniformity of the plasma discharge. The non-uniform microdischarges are 
commonly found in DBD plasma formation when using a microsecond-pulsed power 
supply.105 The nanosecond-pulsed DBD was shown to have a much more uniform 
discharge and appears homogeneous without the presence of visible filaments.109 Halim 
et. al. used the plasma treatment effects of bacteria to study the difference between the 
power supplies.109 They observed comparable sterilization ability with the same treatment 
time even though the average power density was one order of magnitude lower than that 
generated by the microsecond-pulsed DBD.109 Nanosecond-pulsed power supply also 
Figure 2.2 - (a) Schematic for floating-electrode dielectric barrier discharge plasma 
generation and (b) visible filaments from DBD discharge109 
(a) (b) 
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provided a more uniform discharge on non-uniform surfaces where the microsecond-
pulsed power supply was barely able to discharge at all.109 
2.1.3 Reactions within the plasma 
 
Prior to studying the chemical reactions as a result of plasma contact, it is 
important to understand some of the reactions that occur with plasma generation in the 
gas regime. As electrons are discharged into the gas, atoms and molecules may become 
excited through electronic excitation.105 These excited species may then relax to the 
ground state and release energy in the form of a photon. Vibrational excitation will also 
occur through absorbing the electron energy. Electron interactions with neutral species, 
through attachment or detachment, will form negative and positive ions, respectively. 
Inelastic collisions between electrons and neutral species can result in dissociation of 
diatomic atoms and the formation of neutral species.105 Dissociation of neutral species 
may also result in heterolytic cleavage of the covalent bond, forming ionic species. 
Homolytic cleavage is more common, however, and results in the formation of radical 
species. Several other reactions may be found within the plasma including charge 
exchange, recombination of ions, electron-ion recombination, and ion-ion recombination 
to name a few.105 The numerous possibilities of these reactions rapidly increases the 
complexity of plasma systems. 
Since these plasmas are generated typically with air as the source of gas, it is 
important to understand the composition and typical reactivity of the gases present. The 
composition of sea level dry air (volume percentage recorded at 15 °C and 1 atmosphere) 
is as follows; 78.084% Nitrogen, 20.947% Oxygen, 0.934% Argon, 0.031% Carbon 
dioxide.110 It is clear that the two major components are nitrogen and oxygen, however, 
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these gases have different energies associated with excitation of vibrational levels and 
dissociation. In a purely oxygen gas source, up to 85% of the electron energy can be 
converted into dissociation of diatomic oxygen, provided that the average electron 
energies are within the range of 4-8 eV.111,112 However, this is not the case for diatomic 
nitrogen since the energy required for dissociation is around 10 eV. 
 Computational studies of the non-equilibrium plasma generated in air provided 
insight on the most likely reactions present based on the relative electron energies.113 The 
study was carried out by Penetrante et. al. over a range of electron energies and the 
response was measured by the efficiency of the reactions, represented as the G-value. The 
G-value gives the number of reactions per 100eV of input power.113 Figure 2.3 shows that 
the dissociation reaction of oxygen recorded the highest G-value, which explains the 
formation of ozone and nitrogen oxides typical of non-equilibrium discharges in air.113,114 
  
Figure 2.3 - Computational studies showing predominate dissociation and ionization 
reactions of O2 and N2 gases in a non-equilibrium air plasma.113 
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To understand specific reactions found in the DBD plasma process, it is helpful to 
examine ozone formation. Commercial scale ozone generators utilize DBD plasma 
technology to generate ozone. The DBD plasma formation is predominately carried out in 
pure oxygen, but many smaller ozone generators utilize air instead due to cost. This 
complicates the system much more and decreases the efficiency by molecular nitrogen 
reactions competing with oxygen for energy. Ozone formation is a three body reaction 
that requires a collision partner, M, as shown in reaction 1.115,116 
O. + O2 + M → O3 + M     (1) 
The introduction of nitrogen to the system, as is the case with air as the source gas, 
results in several other competing reactions.116 
   N. + O2  → NO. + O.      (2) 
   N. + NO → N2  + O.      (3) 
It was also suggested that excited nitrogen molecules may collide with oxygen molecules 
and assist in the dissociation of oxygen.116 
   N2* + O2 → N2 + 2O.      (4) 
With the introduction of water in the air or below the surface of the plasma discharge, 
many more interesting reactions occur. Electron impact results in the dissociation of 
water into H. and OH..117 
    e- + H2O → H. + OH.      (5) 
The presence of these species result in the destruction of any ozone present, as shown in 
reactions 6-8.117 
      H. + O3  → OH.  + O2     (6) 
   OH. + O3  → HO2. + O2     (7) 
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   OH. + O3  → HO2. + O2     (8) 
It is also well known that oxygen atoms may form hydroxyl radicals by further reaction 
with water.117 
   O. + H2O → 2OH.      (9) 
These reactions show the formation of reactive species within the gas phase. Further 
reactions within the aqueous solution will be discussed later. 
 
2.1.4 Effects of DBD plasma treatment 
 
As previously mentioned, ozone formation is the primary commercial scale use of 
DBD, although many applications have been explored. The effects of DBD plasma 
treatment of bacteria and cells has been an increasing area studied over the past few years 
with many applications in the medical field.118–124 Fridman et. al studied DBD plasma 
treatment of bacteria from skin samples including Staphylococci, Streptococci, and 
Candida.125 The bacteria were applied to a blood agar plate and the results after plasma 
treatment were measured based on appearance of the agar, in which a distinction between 
partially sterilized and completely sterilized surfaces was clear.125 Both direct and indirect 
exposures were studied.125 Direct treatment was described as the area directly below the 
electrode, however, the affected area expanded with larger treatment times.125 The 
indirect treatment was administered by attaching a grounded wire mesh around the 
electrode and blowing air under the electrode to carry the gas to the treatment area.125 
These results showed that complete sterilization was achieved after 15 seconds of direct 
plasma exposure, while over 5 minutes of indirect plasma exposure was required to 
achieve similar sterilization.125 This study also suggests that the charged particles 
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removed by the wire mesh provided substantial sterilization with treatment of living 
organisms for antibacterial effects.125 
Miao et. al. studied the effects of DBD plasma on the sterilization of E. coli on 
PET films.118 After 3 to 5 minutes of treatment time, 99.999% of the bacteria were 
completely destroyed.118 The mechanism of destruction was suspected to be localized 
damage of the bacterial cell wall that lead to further damage from radical species to the 
cytoplasmic membrane.118 It was speculated that leaky cytoplasmic membranes allow 
reactive oxygen species (ROS) to travel into the cell and cause oxidative damage to 
inside structures.118 It was also concluded that the contribution of heat and UV radiation 
generated by the plasma was insignificant, indicating chemical reactions are responsible 
for the sterilization.118 
 Research carried out by Joshi et. al. suggests the oxidative stress response in 
bacteria leads to membrane lipid peroxidation.119 It is well known that DBD plasma 
results in formation of ROS, such as hydrogen peroxide, superoxide anion, and hydroxyl 
radical.102,103,111,114 These ROS are speculated to cause oxidative damage to the lipid 
bilayer that makes up the cell membrane.119 Bacterial cytoplasmic membranes are also 
composed of a lipid bilayer.119 The primary difference between the bacterial cells and 
mammalian cells is in the defense against ROS. Bacterial cells may synthesize 
antioxidants to quench the ROS, while mammalian cells contain the necessary machinery 
of defense enzymes, such as superoxide dismutase to prevent ROS damage.119 Oxidative 
damage to the lipid bilayer is known as lipid peroxidation.119 The amount of lipid 
peroxidation after plasma treatment was measured based on the formation of 
malondialdehyde, a product of lipid peroxidation.119 Oxidative DNA damage was shown 
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using an oxidative DNA damage marker.119 FE-DBD treatment was found to rapidly 
inactivate and change the morphology of E. coli in a phosphate-buffer saline between 60 
and 90 seconds of plasma treatment.119 Levels of lipid peroxidation were found to be 
proportional to the amount of plasma energy in which 60 second exposure resulted in the 
maximum peroxidation.119 Longer treatment times were identical to lipid peroxidation 
levels observed with 60 second treatment.119 ROS scavengers, such as antioxidants, were 
added prior to plasma treatment. The effect on lipid peroxidation and DNA damage after 
plasma treatment was significantly decreased by the addition of ROS scavengers, 
indicating that the primary species responsible for these effects are ROS.119 It was 
concluded by Joshi et. al. that plasma treatment lowers the membrane potential, causes 
lipid peroxidation of the membrane, and in turn results in a leaky membrane allowing 
ROS to flow into the cell and cause oxidative DNA damage and eventually cell death.119 
Studies performed by Montie et. al. agree with the conclusion that cell membrane 
oxidation is the major cause of antibacterial effects.120 Other studies performed by 
Laroussie et. al. believe that the result of plasma treatment on bacteria is an electrostatic 
disruption of the cell membrane that causes the bacterial morphology and bacterial 
death.121 Another study by Cooper et. al. showed inactivation of Bacillus stratosphericus 
in a fluid medium after DBD plasma treatment.122 Plasma treatment of cells on a dry 
surface was compared to suspended cells, in which a much longer treatment time was 
required to inactivate the bacteria in solution.122 
Kalghatgi et. al. studied the effect of DBD plasma on endothelial cells.123 
Endothelial cells assist in the growth of new blood vessels from existing blood vessels, a 
process known as angiogenesis.123 The cells were treated for various times ranging from 
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5-120 seconds, and cell cytotoxicity was measured.123 The results were similar to as 
expected in which longer plasma treatment times resulted in further cell death. The 
research showed endothelial cell membrane damage increased up to 24 hours after 60 
second plasma treatment.123 Shorter plasma treatment times, less than 30 seconds, 
resulted in nearly 70% of the endothelial cells being viable 24 hours after the plasma 
exposure.123 This suggests that plasma toxicity is short term for shorter plasma treatment 
times.123 Shorter treatment times were also found to increase cell growth with exposure 
up to 30 seconds.123 These results suggest that varying plasma treatment times result in 
different chemical reactions that in turn cause different effects on cells and other living 
tissue.123 
 Additional studies by Kalghatgi et. al. into the effects of FE-DBD on mammalian 
cells suggest the formation of intracellular ROS by neutral species as the likely 
candidates for dose-dependent effects of FE-DBD on cells.124 Their initial experiments 
verified the dose-depended effects of cell proliferation at low treatment times and 
apoptosis at longer treatment times.124 Cells were then exposed to the plasma with a 
grounded mesh to eliminate any charged species, and no significant changes were 
observed.124 A magnesium fluoride glass was then inserted between the electrode and the 
sample to block all plasma species and only allow the UV light to pass through and 
interact with the cells.124 It was concluded that UV light generated by the FE-DBD had no 
significant effect on cell death.124 They also studied the effect of the cell culture medium 
being treated with plasma separately, with the cells being added after plasma treatment of 
the cell culture medium.124 This resulted in the similar effects as direct treatment of the 
cells in solution as shown in Figure 2.4.124 The amount of H2AX represents the amount of 
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DNA damage experienced by the cells.124 This study opens up another aspect of FE-DBD 
in which plasma treatment of a cell medium provides a potent mixture of stable organic 
components. 
 
  
 
2.1.5 DBD treatment of solutions 
 
Understanding the effects of FE-DBD plasma on solutions ranging from water to 
cell medium is the important next step in determining the specific mechanisms of 
antibacterial effects. The formation of several ROS is well known and likely aids in 
sterilization, however, some believe the effects may be caused by secondary species 
formed in the aqueous phase as well.126–128  Table 2.2 shows the primary species formed 
through plasma discharge along with some of the secondary species formed within 
solution. The formation of some of these species are apparent for FE-DBD treatment of 
water with air utilized as the gas source, although some are not as easily detected.127,128 
Four main categories of reactions have been observed within the aqueous phase as a 
Figure 2.4 – Comparison of cells in medium exposed directly to the FE-DBD plasma 
with the cell medium being exposed separately with cells added after components that 
provide similar effects of direct plasma exposure.124 
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result of plasma exposure.126 The first major category includes acid/base reactions.126 
This is apparent as a drop in pH is observed caused by formation of nitrous and nitric 
acids.126–128 The other predominant category includes the oxidation reactions, as thought 
to be the major cause of antibacterial effects, caused by ROS and reactive nitrogen 
species (RNS).126 The two other components that may be observed are minor compared 
to the first two, and include reduction and photochemical reactions.126 
 
 
 The general hypothesis for formation of the secondary species within the solution 
is believed to begin from nitric oxide reactions occurring in the gaseous phase.126 Nitric 
oxide formed in the air plasma can react with oxygen or ozone rapidly to form nitrogen 
dioxide, which is speculated to dissolve fairly well into the water.126 
   2NO. + O2 → 2NO2      (10) 
   NO. + O3 → NO2 + O2     (11) 
The aqueous nitrogen dioxide can react with water to form nitrite and nitrate through 
either electron capture or oxidation by nitric oxide.126 Equations 12 and 13 show these 
reactions that cause a decrease in the pH.126 
   2NO2 (aq) + H2O → NO2- + NO3- + 2H+   (12) 
   NO (aq) + NO2 (aq) + H2O → 2NO2- + 2H+   (13) 
Table 2.2 – Major species formed by discharged in water and gas-liquid interfaces.126c 
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With the presence of ROS in the solution, any nitrite present will oxidize into nitrate.126 
Nitrate formation may also occur by the reactions of nitrogen dioxide with hydroxyl 
radicals to form peroxynitrous acid as shown in equations 14 and 15.126 
   ·OH + NO2 (aq) → [O=N-OOH] → O=N-OO- + H+  (14) 
        O=N-OO- → NO3-      (15)  
One possible reaction for the formation of hydrogen peroxide is through combination of 
hydroxyl radicals formed in solution as described by the following equations.129  
   H2O → ·H + ·OH      (16) 
·OH + ·OH → H2O2      (17) 
The most likely source of these hydroxyl radicals are from a homolytic cleavage of water. 
Many additional reactions can aid in the formation of hydrogen peroxide and they are 
discussed further in the literature.129 
2.1.6 Motivation for this work 
 
The primary goal of this work is to better understand the chemistry of FE-DBD 
plasma-treated solutions. The potency of FE-DBD through direct treatment methods of 
bacterial or other cells on dry surfaces is well established with the varying effects of 
treatment times being better understood. It is just as important to understand the 
chemicals and mechanisms behind the potency of the indirect methods that maintain 
reactive species days and even months after plasma treatment of the solutions. 
Additionally, much work has been carried out on the applications aspect of FE-DBD 
while minimal work has been performed on the chemical analysis. Studies have been 
carried out using nonthermal plasma with skin125,130 and food sterilization and 
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packaging131,132, wastewater treatment133–136, applications in dentistry and 
dermatology133,137, along with direct treatment of bacteria and cell tissue.118,119,125 The 
widespread applications of FE-DBD would lead one to believe that the mechanisms of 
action have been significantly studied. However, there exists a lack of research into the 
chemistry behind nonthermal plasma treatment and it is necessary to achieve a better 
understanding of these systems before large scale applications are employed.  
2.1.7 Overview and organization of Chapter 2 
 
Chapter 2 focuses the plasma treatment of various solutions to better understand 
the chemistry that is occurring. This work begins with an introduction into what plasma is 
and different ways to generate plasma (Sections 2.1.1 and 2.1.2). Section 2.1.2 discusses 
the primary differences between thermal and non-thermal plasma and how each can be 
generated. Plasma generation for this study is carried out using an FE-DBD electrode 
configuration that generates a non-thermal plasma. Plasma discharge typically occurs in 
the gaseous state, so it is important to not only understand the atmospheric conditions in 
which one is working, but also some of the general reactions that can occur (Section 
2.1.3). The non-thermal properties of FE-DBD plasma generation allows for a number of 
applications and treatment of heat sensitive material such as skin tissue. For these 
reasons, much work has been discussed on the clinical applications and sterilization 
approaches with these devices (Section 2.1.4). Plasma discharge can also occur at a 
gaseous/liquid interface and this brings about potential new reactions (Section 2.1.5). It 
has recently been discovered that FE-DBD discharge at this gas/liquid interface generates 
a potent antimicrobial solution that has been found to exhibit antimicrobial effects on a 
broad range of bacteria. This liquid interface brings about a new number of potential 
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species to be formed in water and Section 2.2 discusses these studies. The antimicrobial 
effects were found to be enhanced following addition of amino acids and other 
biomolecules to the mix. Understanding some of the chemistry that is occurring can also 
help explain the mechanisms of the interaction of plasma treatment with these biological 
materials (Section 2.3). Additional studies were investigated in hopes of another 
application of FE-DBD for abatement of antibiotics from wastewater and hospital 
effluent and to simultaneously gain more knowledge into the mechanisms of FE-DBD 
plasma treatment (Section 2.4). Section 2.5 concludes these studies and future 
experiments are discussed in Section 2.6. 
2.1.8 Contributions of plasma work 
 
This dissertation includes work that was carried out to explain the major 
differences in the FE-DBD plasma treatment of our methods compared to others in the 
literature. The following is a list of these contributions: 
• Characterized some major contributors of plasma-treated water that aid in the 
antimicrobial effects for generation of antimicrobial solutions from air and water 
• Investigated the FE-DBD plasma treatment of biomolecules for enhanced 
sterilization and explanation of the inactivation mechanism 
• Applied this FE-DBD setup for degradation of antibiotics to simultaneously 
understand the use for antibiotic abatement and mechanism of degradation 
2.2 DBD plasma treatment of water 
 
2.2.1 Introduction 
 
Investigations into the chemistry behind FE-DBD plasma-treatment of solutions 
can be most easily studied by first using water as the liquid interface. A majority of the 
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common reactions found at a gas-liquid interface were discussed in section 2.1.5. 
Observations of these reactions have been studied for many plasma systems, but not well 
investigated for FE-DBD. A study performed by Traylor et. al. into the long-term 
antibacterial effects of plasma-activated water (PAW) provided insight into the acidic 
effects and possible species responsible for antibacterial effects.127 The PAW was found 
to have an acidic pH between 2-3 and contained hydrogen peroxide, nitrate, and nitrite 
anions.127 The PAW was formed by covering the DBD electrode with a grounded wire 
mesh and treating for 20 minutes with a 42 mm gap between the electrode and the 
solution surface.127  
 
 
This study investigated the indirect plasma-treatment effects on log reduction of 
E. coli over a 7 day period after both 15 minute and 3 hour soaking times in the PAW.127 
A noticeable decrease in the antibacterial effects occurred over the time span of 7 days 
for both incubation periods in PAW (Figure 2.5).127 Traylor et. al. observed the decrease 
in nitrite levels and increase in nitric acid concentration over the 7 day period through 
Figure 2.5 – Time-dependence of antibacterial activity of PAW incubated with E. coli for 
(a) 3 h, (b) 15 min, and (c) of PAPBS incubated for 3 h after indirect air DBD 
treatment.127 
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UV/Vis studies (Figure 2.6).127 The antibacterial efficacy of the PAW was concluded to 
be a result from the formation of reactive nitrogen species such as peroxynitrous acid and 
peroxynitrite, however, these products were not verified within the study.127  
  
 
Research carried out by Ercan et al. showed up to a 7 order of magnitude 
reduction of concentration of the bacteria with a modified FE-DBD setup compared to 
that used by Traylor.138 They studied the effects of not only plasma-treated DI water on 
this modified system, but work was also extended out to phosphate-buffered saline (PBS) 
and N-acetyl cysteine solutions (NAC), which will be further discussed in a later section. 
Ercan’s work was similarly performed with indirect exposure by treating the water first 
with plasma and then exposing it to the bacteria, however, a time-dependent decrease in 
antibacterial efficacy was not observed.138 This method was termed the “fluid-mediated 
plasma application” as the liquids were treated directly with the plasma and the bacteria 
were treated with the plasma-activated solutions.138 A total 7-log-reduction was achieved 
with all solutions following 3-minute plasma treatment times for activated solutions 
(Figure 2.7a).138 These effects were observed with a variety of bacteria in both planktonic 
Figure 2.6 – (a) UV/Vis absorbance spectra of PAW over 7 days after treatment and (b) 
representative spectra of PAW one day after treatment127 
(a) (b) 
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and biofilm forms, showing the applicability on an enhanced range of pathogens.138 
Figure 2.7b shows the antimicrobial effects of using solutions of the secondary species 
formed and exposing them to the bacteria. It is clear that the same log reduction effects 
were not observed, suggesting the antimicrobial effects are attributed to other species 
formed from the plasma treatment.139 
   
 
 It is essential to understand the chemistry that is occurring to better explain the 
differences in effectiveness between their plasma treatment and ours. It is clear that the 
secondary products formed, including nitrite, nitric acid, and hydrogen peroxide alone are 
not responsible for the antimicrobial properties. This suggests that additional products are 
formed during the plasma treatments process that includes a long list of potential ROS 
and RNS. The goal of this study is to further compare and potentially identify additional 
species that might be responsible. 
Figure 2.7 – (a) Fluid-mediated plasma inactivates E. coli (1 x 107 CFU/mL) in a time-
dependent manner. (b) Antimicrobial effect of mixture of detected concentrations of 
nitrite, nitrate, and ~ 1mM H2O2 in aqueous solution.138,139 
(a) (b) 
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2.2.2 Materials and Methods 
 
Nonthermal plasma was generated with a FE-DBD plasma setup as shown in 
Figure 2.8. The floating electrode consists of a 38 mm x 64 mm copper plate covered 
with a 1 mm-thick glass dielectric layer and is completely insulated with silicone. The 
grounded metal stand provides a surface on which a customized quartz treatment holder 
is used to hold the solution for treatment. The quartz holder (87 mm x 52 mm) allows for 
a 2 mm discharge gap between the dielectric layer and the liquid surface and disperses 1 
mL of liquid in a 1 mm deep pocket (57 mm x 32 mm). The nonthermal plasma is 
generated using a nanosecond-pulsed power supply with alternating polarity (FPG 20-N, 
FID Technology). This pulse generator provides a 1-10 ns pulse width with a rise time of 
5 V/ns between the dielectric barrier electrodes. The power supply provides an adjustable 
frequency of 500 Hz to 1.5 kHz with a max amplitude of 20 kV magnitude. The 
parameters for plasma generation throughout these studies were held steady at 11.2 kV 
and 690 fHz.  
 
Figure 2.8 – Schematic of FE-DBD setup for treatment of solutions utilized throughout 
this study 
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 The FE-DBD plasma treatment of water was performed with Milli-Q purified 
water and analyzed by several types of instrumentation. UV/Vis spectroscopy studies 
were performed on an Agilent (formerly HP) 8453 UV/Vis spectrophotometer. Two 
quartz cells were utilized; a 1 cm path-length quartz holder (Thorlabs) and a 0.5 mm 
quartz cell (Starna Cells, Inc.). Raman vibrational spectroscopy studies were obtained on 
a Renishaw RM 1000 confocal microscope spectrophotometer using a HeCd laser 
wavelength of 442 nm. Electron Spin Resonance (ESR) results were obtained on a Varian 
E-12 X-band EPR spectrometer equipped with a rectangular container.  
2.2.3 Results and Discussion 
 
 One of the first noticeable changes of the plasma-treated solutions in air was a 
decrease in the pH (Figure 2.9). The pH range went from neutral to close to 2 after just 3 
minutes of plasma treatment. Following just one minute of plasma treatment, the pH 
significantly drops and suggests that these species responsible for the acidic solution are 
formed rather quickly. This matches well with the literature as formation of HNO2 and 
HNO3 were previously observed.127  
133 
 
 
 
 
The formation of HNO2 was monitored using UV/Vis spectroscopy (Figure 2.10). 
Nitrous acid was confirmed by the region of peaks from 330-390 nm.140,141 The 
generation of nitrous acid in solution is most likely from NO2 and NO spececies formed 
in the plasma as described in Equations 12 and 13. Hydrolysis of NO2 has been known to 
form nitrous and nitric acids.142,143 Nitrous acid could be observed after both 15 and 30-
second plasma treatment times, suggesting that nitrous acid is one of the first components 
formed. Figure 2.10 shows these same solutions being held for a four day period. A 
decreased in the concentration of the nitrous acid is apparent. In Figure 2.10a, the nitrous 
acid decreases and no other peaks are observable as a result of this degradation. It is 
likely that the nitrous acid decomposes back to NO2, NO, and water.142 Figure 2.10b 
shows the appearance of an additonal peak located at 302 nm. This peak can be attributed 
to nitric acid. As the nitrous acid peaks disappear following an increased holding time of 
the solutions, the nitric acid concentration can be observed increasing. This is likely 
Figure 2.9 – pH effects of plasma treatment on water 
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caused by oxidation of the nitrous acid, suggesting that an increasing number of oxidizing 
species are formed after 30 seconds of plasma treatment. 
  
 
As the plasma-treatment times increased, nitrous acid was not detectable at all. 
The primary signal for nitric acid at 302 nm was the only signal present (Figure 2.11a). A 
slight increase in the signal at 302 nm was also observed over the four-day period, 
suggesting that the amount of nitrous acid still increases well after the plasma treatment is 
complete. This could be a result of dissolved NO2 in the water that could either 
disproportionate to form nitrous acid, or combine with hydroxyl radicals to form 
peroxynitrous acid, as described in Equation 14. The combined UV/Vis spectra for 
varying treatment times are shown in Figure 2.11b. A clear trend is observed showing a 
decrease in the amount of nitrous acid and increase in the nitric acid concentration. The 
extinction coefficients of HNO3 and HNO2 are 70 M-1cm-1 at 300 nm and 23 M-1cm-1 at 
354 nm, respectively.144 Using the Beer-Lambert Law, the concentrations can be 
estimated from the absorption signals shown. The concentration of nitric acid was found 
to be 0.4 mM, 1.3 mM, 2.7 mM, and 3.6 mM for 30 seconds, 60 seconds, 120 seconds, 
Figure 2.10 – UV/Vis spectra of (a) 15 second and (b) 30 second plasma treatment of water 
over a four-day period. 
(a) (b) 
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and 180 seconds, respectively. The nitrous acid concentration at 30 seconds of plasma 
treatment time is calculated to be 0.8 mM and just a tenth of this concentration at 60 
seconds.  
 
  
 
Plasma treatment of water can also be altered by changing the atmospheric 
conditions. UV/Vis studies were carried out with a 5-minute plasma treatment time to 
compare the use of air, pure N2, pure O2, and Ar (Figure 2.12). When air is utilized, the 
mixture of N2 and O2 in the gas phase provide a mixture of RNS and ROS in solution. Air 
was found to have the largest concentration of nitric acid along with a strong absorption 
above 2 A.U. in the UV region suggesting a high concentration of H2O2, HNO3 and 
additional species that absorb light at those wavelengths. A large number of molecules 
absorb light within the UV part of the spectrum. Changing the atmosphere completely to 
nitrogen shows a decrease in the concentration of the nitric acid. This suggests that the 
oxygen present in the plasma phase can significantly contribute to the formation of RNS, 
however, formation is still possible by reactions with hydroxide radicals or dissolved 
Figure 2.11 – UV/Vis spectra of (a)180 second plasma treated water over a four-day 
period and (b) compiled spectra of varying treatment times from 30-180 seconds. 
(a) (b) 
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oxygen in solution. Extreme care was taken during this experimentation to evacuate and 
backfill the chamber, however, even the smallest amount of oxygen present could have 
contributed to the formation of the nitric acid. Using strictly oxygen, it can be observed 
that no nitric acid was formed by the lack of an absorption at 302 nm. It is likely a 
combination of hydrogen peroxide and ozone formation, both of which are strongly 
oxidizing species.  
In the case of argon, only a peak around 200 nm is observed and the only possible 
explanation for this is the formation of hydrogen peroxide. H2O2 formation in solution 
can occur from homolytic cleavage of water followed by recombination as described in 
Equations 16 and 17.  
 
 
 These studies have verified the formation of some of the major components 
through UV/Vis spectroscopy including HNO2, HNO3, H2O2, and O3. These studies do 
not, however, eliminate the potential of some other ROS/RNS compounds as many of 
Figure 2.12 - UV/Vis spectra of 5-minute plasma treatment of water under different 
atmospheric conditions. 
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these compounds absorb within overlapping regions. Ikawa et al concluded that HO2/O2- 
might be a major ROS that contributed to the antibacterial effects.145 HO2 has a λmax at 
230 nm with an extinction coefficient of 1400 M-1cm-1 at this wavelength.146 It is possible 
that these species could be formed and an overlap with other the absorption spectra of 
additional species is possible. Additional studies were carried out with Raman and mass 
spectrometry and no detectable HO2 signals were observed. It is also highly unlikely that 
HO2 would survive under these plasma conditions as the chemistry has been well studied 
and reactions with nitric oxide or hydroxyl radicals result in the decomposition of 
HO2:147,148 
HO2 + .OH → H2O + O2       k = 1 x 1010 M-1S-1  (18)  
HO2 + NO. → HO-O-N=O   k = 7 x 109 M-1S-1  (19) 
This brings up the potential of another highly reactive species that is a strong oxidizer 
and could be present and responsible for the enhanced antibacterial effects, peroxynitrite 
(ONOO-).148 Peroxynitrite detection by UV/Vis spectroscopy is not straight forward due 
to the fact that peroxynitrite has a λmax identical to that of nitric acid (302 nm). Raman 
spectroscopy did reveal the expected bands for nitric acid, however, these bands similarly 
overlap with peroxynitrite bands as these two species are very similar (see Appendix F). 
Peroxynitrite has a relatively long-lived stability at basic pH, but has been found to 
dissociate under acidic conditions.147 Peroxynitrous acid is also undetectable by our 
UV/Vis studies as it has been suggested to have an absorption in the region around 200 
nm.149 The two primary pathways of degradation are to HNO3 or to .NO2 and .OH. 
Peroxynitrous acid could potentially be stabilized from the increased concentration of 
nitric acid and hydrogen peroxide. To further verify the existence of additional species, 
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Electron Spin Resonance (ESR) experiments were undertaken. The ESR experiments 
were carried out on a 3-minute plasma treatment sample both immediately and after a 3-
day holding period (Figure 2.13). The ESR spectrum showed a signal from the 3-minute 
plasma treatment representing the presence of a radical species. This radical species was 
also present following the 3-day holding period. A similar ESR spectra was observed by 
Pietraforte and Minetti and this shows the possible existence of the peroxynitrite 
radical.150 Another possibility from the EPR analysis is the stability of nitric oxide. A 
similar EPR signal was observed by Gabor and it was mentioned that nitric oxide 
produces a similar UV/Vis signal to that of nitrous acid.151 Nitric oxide was found to have 
an extended stability in acidic solutions.151,152 Nitric oxide has been found to exhibit 
antimicrobial properties, but typically observed with select bacteria as many strains have 
developed a resistance.152 More recently, nitric oxide has been found to be stored in the 
form of nitrite and has the capability of being released by cells when infections are 
detected.153 This has been utilized by the food industry for meat preservation for years 
and investigation into the mechanism showed that the antimicrobial effects are likely due 
to the cousin RNS that are formed.148,152,153 It is much more likely that the nitric oxide 
formed combines with superoxide and forms a much stronger oxidizing species like 
peroxynitrite.148,151,152 
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 Another possible explanation for these enhanced antibacterial effects can be 
explained by the combination of hydrogen peroxide and ozone. The reactivity of ozone in 
the presence of hydrogen peroxide has been observed to significantly increase, however, 
the mechanism troubled researchers for years.154 Trioxidane, or dihydrogen trioxide 
(HOOOH), have been observed following a thermal reaction between hydrogen peroxide 
and ozone.154,155 Trioxidane has been quantified with 1H NMR spectroscopy in previous 
studies, but has not been detected during this work.154  
2.2.4 Summary 
 
This work verified some of the major components generated during the FE-DBD 
plasma treatment of water. Variations to our device, as compared to the setup used by 
Traylor et al, have allowed for a greater concentration of these species along with 
enhanced antimicrobial effects.127 The major species that were verified with UV/Vis 
Figure 2.13 - ESR spectra of freshly-treated water (3 min exposure to plasma) and the 
same solution after 3-day storage in sealed container. Also included is the blank water 
with the container. Frequency, 9.12 GHz; modulation amplitude, 2G; microwave power, 
2mW; gain, 4x104 
140 
 
spectroscopy included HNO2, HNO3, and H2O2. HNO2 was found to be one of the first 
RNS formed, while H2O2 was the first ROS species detectable. The concentration of the 
nitrous acid was found to decrease over a several day period, which was likely caused by 
oxidation to nitric acid. Increasing the plasma reaction time caused an increase in 
concentrations to values that maxed out the limitations of our instrumentation. The 
formation of hydrogen peroxide at very short treatment times verifies the energy of the 
plasma is high enough to provide cleavage of the water molecules. It is likely that many 
radical ROS, such as superoxide and hydroxyl radical are initially formed and contribute 
to the formation of the secondary species. Varying the atmospheric conditions allowed 
for a more selective growth of either RNS or ROS. Using an inert atmosphere, in the case 
of argon, showed that the major species observable was H2O2. The generated energy is 
typically transferred to the gas phase molecules first, but in the case of an inert system, 
the energy is directly transferred to the liquid phase. Changing to a completely oxygen 
system completely eliminated the potential for RNS to form and this was observable by 
the disappearance of peaks in the 300-400 nm region. In the case of the nitrogen 
environment, the predominant species formed were the RNS of HNO2 and HNO3. The 
concentrations were lower than that observed in the air studies. It is also likely that H2O2 
was formed in the nitrogen environment from homolytic cleavage of the water molecules. 
The greatest concentration of RNS was observed under regular atmospheric conditions. 
This suggests that the formation of these components is strongly dependent on oxygen in 
the gas phase, however, RNS species can still form in the absence of O2 gas. ESR studies 
showed the existance of a stable radical following 3 days of holding and based on the 
enhanced antimicrobial effects, we suggest that this is likely a result of 
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peroxynitrite/peroxynitrous acid. It is possible that the complex mixture of components 
stabilize this species and allow for enhanced antimicrobial effects for extended periods 
after the initial plasma treatment.  
2.3 DBD plasma treatment of biomolecules 
 
2.3.1 Introduction 
 
The DBD plasma treatment of biomolecules is of interest for several primary 
reasons. One of the first reasons developed from the enhanced antimicrobial effects of 
plasma treated N-acetyl-cysteine (NAC) solutions when compared to that of the PAW.138 
These broad-spectrum antimicrobial effects brought about much interest into the 
chemistry aspect of what is occurring in solution to explain these reactions. These 
plasma-activated solutions were found to inactivate a wide range of multidrug-resistant 
bacteria with holding times of <15 minutes.138 Ercan et al studied the longevity of the 
active components by accelerated aging of the plasma-generated antimicrobial solutions 
and antimicrobial effects were found even after 2 years of aging.138 Table 2.3 shows these 
effects, specifically with the NAC solutions with various aging times of the solutions.138 
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The second interest in this research arises from the studies by Kalghatgi et al.124 A 
dose dependent effect of plasma treatment of mammalian cells observed effects from cell 
proliferation to apoptosis. They also investigated the effects of indirect exposure, similar 
to the aforementioned fluid-mediated plasma treatment. Indirect treatment of cell medium 
followed by exposure to cells was found to have similar effects to the direct exposure of 
cells to the plasma.124 Since cell medium consists of amino acids, glucose, vitamins, 
growth factors, and inorganic salts, it is important to understand what plasma treatment 
does to these molecules.124 It is assumed that the breakdown of biological molecules, 
such as amino acids, result in organic components that cause lipid peroxidation.124 Amino 
acid peroxides are one such species capable of causing lipid peroxidation when 
introduced to a lipid bilayer. The formation of amino acid peroxides as a result of 
reaction with hydroxyl radical has been shown by Gebicki et. al..124 These studies 
Table 2.3 – The findings of colony count assays (CFU ml-1) show that the treated fluid 
NAC solution retains antimicrobial effects equivalent to 720 d at room temperature 
(holding time in all E. coli experiments, 15 min).  
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showed that different amino acids reacted rapidly to form peroxide species, while others 
had no significant results.124 Reactivity of these amino acids to form peroxides were 
categorized by Gebicki et. al. based on the number of peroxide groups formed per 
hydroxyl radical generated.124 This percentage is called the peroxidation efficiency and is 
shown in Figure 2.14 for various amino acids.124,156 Kalghatgi et al later found that the 
peroxidation efficiency is proportional to the amount of DNA damage to mammalian 
cells caused by each respective amino acid after plasma treatment..156 
 
 
The third and final reason for interest in this area extends from the many clinical 
applications where FE-DBD treatments have been explored and sometimes implemented. 
These basic biomolecules make up the complex systems from skin cells to bacteria.157 
This work can be used to help better explain the mechanism of the antimicrobial effects 
and explain potential effects from treating human tissue.157 Bacteria are commonly 
separated by gram-positive or gram-negative descriptors that vary in their peptidoglycan 
layer thickness.157 This peptidoglycan layer is commonly the outermost component and is 
 
Figure 2.14 – Peroxidation efficiency of various amino acids156 
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composed of amino acids and sugars in a polymeric network (Figure 2.15).157,158 The 
structure in Figure 2.15 is representative of the peptidoglycan layer of E. coli (gram-
negative), where the tetrapeptide side chain consists of L-alanine, D-glutamic acid, meso-
diaminopimelic acid, and D-alanine.158 Comparatively, the amino acids in 
Staphylococcus aureus (gram-positive) include L-alanine, D-glutamine, L-lysine, and D-
alanine with a 5-glycine bridge between tetrapeptides.157,158 Interference with the 
peptidoglycan layer can result in destruction of the bacterial cells, as in the case with 
penicillin.157 Our bodies, similar to the penicillin mechanism, create lysozymes to disrupt 
the cell wall by breaking apart the β–(1,4)-glycosidic linkages that connect the sugar 
components of the peptidoglycan layer.157  
 
 
 
It is likely that the ROS and RNS species generated in plasma-treated solutions 
cause oxidation and breakdown of the cell wall components as the first step in bacterial 
Figure 2.15 – Structure of the peptidoglycan of E. coli. The glycan strands consist of 
alternating, β-(1-4)-linked residues and a crosslinked tetrapeptide chain.158 
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inactivation. The only work on explaining the mechanism of interaction with the cell wall 
components have been computational or through a macroscale approach.159,160 For 
example, many studies have explained the sterilization effects from a macroscale 
approach.118,131,161 It is essential to understand some of the mechanisms of these reactions 
to explain and predict what may happen on the chemical level. Understanding the 
mechanism of action can help better explain these effects and target systems to open up 
the door for further implementations of these systems in everyday use.   
Some work towards a better understanding of this area has already been carried 
out in our laboratory through investigating the decomposition of L-valine from FE-DBD 
plasma treatment.162 1H-Nuclear magnetic resonance (1H-NMR) and gas chromatography 
with mass spectrometry (GC/MS) were used in these investigations.162 Plasma treatment 
of L-valine resulted in the formation of several oxidation products and their formation 
could be monitored with the NMR studies (Figure 2.16).162 These products included 
acetone, formic acid, acetic acid, threo-methylaspartic acid, erythro-methylaspartic acid, 
and pyruvic acid.162 The formation of threo-methylaspartic acid and erythro-
methylaspartic acid verified the peroxidation of valine to occur.162 These studies showed 
that the primary modes of reactions with the plasma treated solutions are through 
oxidative methods.162 
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2.3.2 Materials and Methods 
 
Plasma treatment of biological molecules was carried out using the method and 
setup as described in section 2.2.2. L-cysteine was purchased from Fisher Scientific. L-
glutamine and caffeine were purchased from Alfa Aesar. L-alanine, L-lysine, and 
Deuterium oxide were purchased from Sigma Aldrich. 20 mM fresh stock solutions were 
made with 1 mL aliquots pulled for each sample treatment. Samples to be run with 1H-
NMR analysis were prepared with D2O prior to plasma treatment. Immediately after 
plasma treatment, the samples were transferred to a 5 mm NMR tube without dilution. 
For quantitative studies, each NMR tube was equipped with a sealed capillary of a 10 
mM caffeine or methanol solution in D2O to be used as an external standard. Samples 
prepared for GC/MS analysis were run in deionized water and immediately extracted (3x) 
in dichloromethane and evaporated at room temperature to reduce the total volume to < 
0.5 mL. These samples were derivatized with a trimethylsilyl (TMS) derivatization. An 
Figure 2.16 – 1H-NMR spectra of a 1 mL D2O solution of L-valine after treated with air-
plasma for 10 min. 
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equal volume (100 µL) of the solution and N,O-Bis(trimethylsilyl)trifluoroacetamide 
(BSTFA) were then mixed together and incubated for one hour at 50°C. The solution was 
then diluted to 1 mL with dichloromethane for analysis. 1H-NMR spectra were recorded 
on a 500 MHz Varian Unity Inova spectrometer in 5 mm NMR tubes with solutions made 
in D2O. GC/MS studies were carried out with a Perkin Elmer Clarus 500 capillary-
column GC/MS system in positive ion mode with electron impact.  
2.3.3 Results and Discussion 
 
Cysteine was selected as one of the first amino acids to look at in attempt to get 
an idea on why such a low peroxidation efficiency was observed. According to the 
studies carried out by Kalghatgi et al, cysteine was found to have an extremely low 
peroxidation efficiency, exactly opposite to that of valine.124 Varying treatment times of 
20 mM L-cysteine solutions in D2O were monitored with 1H-NMR (Figure 2.17). Using 
D2O as the solvent allowed for immediate analysis and prevented loss from transfer to 
another solvent. Cysteine itself provides two regions of peaks. A multiplet is observed 
from 3.00-3.15 ppm and a doublet of doublets is found from 3.95-4.00 ppm. Several 
additional peaks are observable in the 0-second solution. The signal observable at 3.35 
ppm is from a methanol external standard that was added for quantitative methods. The 
other signals can be attributed to the initially oxidized form of cysteine that involves the 
disulfide bridge formation and is otherwise known as cystine. A downfield shift of the 
adjacent protons is observed as these protons become further deshielded from the 
disulfide formation.163 Plasma treatment of these solutions also causes an observable shift 
downfield as the pH of the solution decreases, which causes further protonation of the 
carboxylic acid functionality. This is most observable on the α-H signal when a shift from 
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4.00 ppm to 4.13 ppm is observed following 3 minutes of plasma treatment and a 
decrease in pH from neutral to close to 2.2. As plasma treatment time increases, a 
significant decrease in the cysteine signal is observable. This is followed by an increase 
in the cystine concentration, until a new product is most easily observed after 30-second 
treatment times. This next set of peaks has been attributed to cysteic acid formation, 
which is the expected oxidation product under acidic conditions.163 2D-COSY 
experiments verified the coupling of these three various pairs of signals by matching the 
adjacent protons (Figure 2.18). Plasma treatment times were extended out to 5, 10, and 20 
minutes and the only newly formed peaks belonged to that of formic acid (8.20 ppm) and 
acetone (2.06 ppm). It should be noted that these were in very low concentrations and 
were only first observable in minute amounts after 5 minutes of plasma treatment.  
 
Figure 2.17 – Compiled 1H-NMR of increasing plasma treatment times on 20mM 
L-cysteine solutions 
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This suggests a much different story to what was observed with valine. Plasma 
treatment of cysteine was found to follow the similar path of standard oxidation (Figure 
2.19).163,164 These results were also validated with GC/MS studies (Appendix G). This 
work explains that the low peroxidation efficiency of plasma treated cysteine can be 
attributed to the strong antioxidant role of the thiol functionality.165 The antioxidant 
capabilities of the thiol protect the molecule from further degradation. This effect was 
observable until only cysteic acid remained, at which point any further oxidation would 
cause complete degradation of the molecule. This logic can also be used to explain the 
lower peroxidation efficiency observed with methionine.  
 
Figure 2.18 - 2D-COSY on 1-minute plasma-treated 20mM L-cysteine  
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 Looking into the plasma treatment of NAC showed a slightly similar situation 
comparable to that of cysteine, as these compounds only differ in the acetyl functionality. 
The NAC samples were prepared in buffer solutions to emulate the exact studies that 
were previously carried out.138 Plasma-treated NAC solutions were first characterized 
with UV/Vis spectroscopy. Following 1 minute of plasma treatment time, a peak was 
observed at 332 nm (Figure 2.20a).166 This was found to be representative of S-nitroso 
thiol formation from the N-acetyl cysteine and a second absorbance of this compound 
occurs at 545 nm (Figure 2.20b).167 This signal was visible from 1-minute plasma 
treatment time and disappeared as treatment time was extended. A clear color change 
from clear to pink occurred in the solutions as well, which can also be linked to the S-
nitroso thiol formation.168,169 
Figure 2.19 – Oxidation pathway of L-cysteine to cystine and cysteic acid 
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Also, 1H-NMR and FTIR studies were carried out on the plasma-treated NAC 
solutions (see Appendix G). An identical pattern was observed with the NAC when 
compared to that of cysteine. Increased plasma treatment caused the formation of cystine 
and eventually cysteic acid. Cleavage of the acetyl group was observed and suggests the 
formation of acetic acid. FTIR verified the disappearance of the thiol and formation of 
the sulfate functionality. Using an internal standard, it was determined that 90% of the 
NAC was converted to cysteic acid following 3 minutes of plasma treatment.166 
Glutamine was the next amino acid to be investigated. Similar studies on the 
effects of plasma treatment were monitored with 1H-NMR (Figure 2.21). The glutamine 
concentration noticeably decreased following 3-minute plasma treatment times, however, 
Figure 2.20 – UV-Vis spectra of Plasma Treated NAC Solution. (a) Following 1-minute 
plasma treatment of NAC solution, a peak at 332 nm and (b) a specific secondary peak 
for the S-NAC is present. (c) S-nitroso N-acetyl cysteine molecule. (d) A change in color 
was observed for 1-minute plasma treated NAC solution.166  
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detection of additional products was difficult. Many oxidation products of glutamine 
result in overlapping 1H-NMR signals, specifically glutamic acid, as these two 
compounds are very similar in chemical structure. Some information could still be 
abstracted from the NMR data. Fumaric acid was not detected from the degradation as no 
peak was present at 6.5 ppm in the proton nmr.170 The formation of α-ketoglutaric acid 
was observed from the NMR with a multiplet forming around 3 ppm at 50 seconds of 
plasma treatment.170 No other compounds were discernable from the 1H-NMR data as 
many of the probable compounds result in overlapping signals within the same region. 
GC/MS studies were similarly carried out with an identical method to that of 
cysteine for the plasma treated glutamine. Derivatization with BSTFA resulted in several 
peaks from residual components and solvent. These peaks were found to fall at 1.61, 
1.63, 1.73, 1.91, and 3.55 minutes and are attributed to the dichloromethane solvent and 
residual components from trimethylsilyl-derivatization.162 The chromatograms were 
found to have a predominant peak at 6.96 mins, which was found to belong to the 
coelution of glutamic acid and 2-hydroxypentanedioic acid. It is likely that oxalic acid 
and pyruvic acid were also formed, however, these were not confirmed with GC/MS and 
essentially in small concentration if present. Acetic acid was recognized at 2.18 min and 
was determined from the representative peak at 117 m/z.171 Lactic acid was found present 
at a retention time of 2.34 min. The presence of acetic acid and lactic acid shows the 
susceptibility of the carbon chain to fragmentation from plasma treatment in solution. No 
additional major products were detectable from glutamine, but the suggested pathway of 
oxidation is shown in Figure 2.22. The treatment of glutamine shows not only oxidation 
but cleavage of the hydrocarbon chain as a possible pathway. 
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Investigations into additional amino acids included alanine and lysine. GC/MS 
studies on the plasma treatment of alanine showed the formation of acetaldehyde (2.689 
Figure 2.21 - Compiled 1H-NMR of increasing plasma treatment times on 20mM L-
glutamine solutions. 
Figure 2.22 – Oxidation pathway observed for glutamine with plasma treatment.
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mins) as the major product, along with lactic acid present as well (2.354 mins). The 
plasma treatment of lysine similarly resulted in the formation of acetic acid. Lactic acid 
formation was also observed with an identical retention time to what was previously 
observed. The primary component was 2-amino-6-hydroxyhexanoic acid which is formed 
from the loss of the terminal amine group followed by the addition of hydroxide to that 
carbon. This was observed at a retention time of 7.026 mins. Further investigation of the 
fragmentation revealed that another compound coeluted at this time. It is likely that 2,6-
dihydroxyhexanoic acid also formed and would have a very similar retention time. This 
GC/MS data with chromatograms is included in Appendix H of this work. The treatment 
of the amino acid solutions has revealed primarily oxidation products with a common 
scheme of amine abstraction followed by a replacement with an alcohol functionality. 
The main groups that were susceptible to the reactive plasma components were those 
most likely to be oxidized, including the sulfur and nitrogen functionalities. Additionally, 
the hydrocarbon chain was susceptible to cleavage.  This suggests that hydroxyl radicals 
are present in significant concentration and this could be explained by the large amount 
of hydrogen peroxide generated in solution. The difficulty with trying to claim that only 
hydrogen peroxide was responsible for these components comes from the fact that no 
peroxide species were isolated during these experiments. This suggests that additional 
species could be responsible for the oxidation and assist in the degradation of these 
species in solution. Additional conclusions can be drawn from these studies to explain the 
effects of plasma treatment on the bacterial cell wall. The cell wall is comprised of a 
peptidoglycan layer, as mentioned earlier in this section. This peptidoglycan layer is 
linked together by peptide linkages between the amino acids and glycosidic linkages 
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between the sugar backbone. The rapid breakdown of these amino acid species suggests 
that the amino acid bridges may be the first effected target of the peptidoglycan layer 
from plasma treatment. For a comparison, brief studies were carried out with sucrose. 
 Sucrose is an example of a basic glycosidic linkage between glucose and 
fructose. Plasma treatment of sucrose was first investigated using Benedict’s solution. 
Benedict’s solution is a color changing reaction as a result of reduction of copper. This 
solution changes from blue to red upon reduction of Cu2+ to Cu1+: 
 
(20)172 
 
Benedict’s reagent was tested on 30-second, 1-minute, and 5-minute plasma 
treated sucrose solutions and a trend towards increasing decoloring of the blue color was 
observed (Figure 2.23). This was matched against control solutions of sucrose, glucose, 
and fructose in which colors of blue, red, and red were observed, respectively. This 
shows that upon the presence of a reducing sugar such as glucose, the reduction of the 
copper occurs. One of the issues with this test is that there can be many false positives. 
Also, from the previous water studies, it is known that a large amount of H2O2 is formed 
in solution and hydrogen peroxide has been known to serve as both a reducing and 
oxidizing agent.173  
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To further understand how the sucrose molecules are breaking down, it is 
necessary to study this system with a different analysis. 1H-NMR studies were 
investigated on 5-minute plasma treated 20 mM solutions of sucrose (Figure 2.24). 
Following 5-minutes of plasma treatment, a large amount of sucrose was found to still be 
present. However, a number of new compounds were observable with NMR. The first 
and most obvious was the formation of formic acid, as recognized from the signal at 8.2 
ppm. Also, looking at the inset from Figure 2.24, the formation of glucose was apparent 
from the signals at 4.55 ppm. Some additional species that could be detected included 
glyceric acid (4.3 ppm), tartronic acid (5.3 ppm), and tartaric acid (4.65 ppm). These 
compounds were further characterized and analyzed with GC/MS studies and the 
mechanism of formation was discussed by a Li et al.174  
Figure 2.23 – Benedict’s test with plasma treated sucrose after 30 seconds, 1 minute, and 
5 minutes (left 3). The control test with sucrose maintains the blue color and the solution 
changes to red on exposure to glucose and fructose (right 3). 
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2.3.4 Summary 
 
Plasma treatment of amino acids has led to a deeper understanding into some of 
the modes of reactions of plasma treatment of solutions. The amino acid 
functionalities significantly play a role on the effects that plasma treatment will have. 
The primary targets are any sulfur or nitrogen functionalities. The primary reactions 
with the sulfur functionalities was simply oxidation, however, nitrosylation was 
observed during the characterization of NAC solutions. No oxidation of the amine 
functionality was observed, but it is likely that they occurred and were rapidly 
followed by removal and replacement with a hydroxyl functionality. It is likely that 
the amine groups contributed to the nitric acid concentration in solution, however, 
further studies would need to be carried out to completely verify this. An increase of 
plasma treatment times yielded fragmentation along the carbon backbone. This was 
most likely caused by the highly oxidizing and acidic conditions. The presence of 
Figure 2.24 – 1H-NMR of 20mM sucrose solutions at (a) 0 minutes and (b) after 5 
minutes of plasma treatment. 
(b) 
(a) 
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hydroxyl radicals allows for hydrogen abstraction and opens up the carbon for further 
reactions. The peroxidation efficiency of these amino acids can be explained by the 
differences in the functionalities. The primary reasoning for the sulfur containing 
amino acids having such low peroxidation efficiency can be explained by the 
antioxidant capabilities. Sulfur is much more easily oxidized than the other elements 
present. Glutamine was found to have a peroxidation efficiency towards the middle of 
the group. This can likely be explained by the presence of two amine groups which 
doubles the reactive sites for oxidation and likely decreases the amount of C-C bond 
cleavage. This was observable by the increased amount of glutamic acid and 2-
hydroxypentanedioic acid observed in the GC/MS studies. Also, acetic acid and lactic 
acid were found, which suggests that further plasma treatment times caused C-C bond 
breakdown. Glutamic acid likely has a higher peroxidation efficiency because only 
one amine group is present so more energy goes into the C-C bond cleavage. Lysine 
was found to breakdown into 2-amino-6-hydroxyhexanoic acid and this was further 
oxidized to 2,6-dihydroxyhexanoic acid. Both of these compounds have a longer 
carbon chain which provide more reactive sites for fragmentation and breakdown. It 
is likely that these occurred as well as lactic acid and acetic acid were found in even 
higher concentration to that of the glutamine solutions.  
 The degradation of sucrose showed that plasma treatment can be utilized 
for breakdown of the glycosidic linkage. Glucose was verified in the NMR studies, 
however, it took a much longer plasma treatment time to observe the result of any 
reaction with plasma. This suggests that the glycosidic linkage breakdown is a 
possibility to explain the plasma reactivity to the bacterial cell wall, but it is more 
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likely to occur on the amino acid network. This does show a potential application for 
breakdown of cellulose to glucose with plasma treatment for potential applications in 
the energy or even food fields. 
2.4 Degradation of ampicillin 
 
2.4.1 Introduction 
 
According to the World Health Organization, antimicrobial resistance (AMR) is 
growing worldwide, leading to an increase in common infections, drug consummation, 
and prolonged/terminal diseases.175 Increase in exposure to these antibiotics is occurring 
because these drugs are entering the environment unabated through individual excretion 
or improper disposal.176 Another rising source of antibiotic pollution is from animal 
waste as there has been an increased usage of antibiotics prescribed by veterinarians. 
Many wastewater treatment plants utilize biological systems such as activated sludge, 
however, high concentrations of antibiotics can render these methods ineffective.177 
Current methods to abate antibiotics from solution include advanced oxidation techniques 
such as the photo-Fenton method which typically require a highly controlled system to 
maintain effectiveness.176 Other methods, such as adsorption or micro/nano filtration 
systems have their own drawbacks as well and many of these methods cannot be applied 
on a large scale, such as is necessary for wastewater treatment plants.176,178 Nonthermal 
atmospheric pressure plasma treatment of antibiotics is a cost-effective and efficient 
alternative that possesses the desired scalability.179 The primary goal of this research is to 
investigate our FE-DBD system for the application of antibiotic abatement and 
simultaneously understand the plasma treatment degradation of a well-studied system 
such as degradation of an antibiotic. Of the antibiotic classes, penicillins lead the way in 
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the number of prescriptions and overall usage and their degradation products have been 
well studied.176,180–185 For this reason, ampicillin (AMP) has been selected as the 
molecule of choice to study the degradation from FE-DBD plasma treatment.  
2.4.2 Materials and Methods 
 
Plasma treatment of the antibiotic solutions was carried out using the same 
techniques as described in section 2.2.2 and 2.3.2. Ampicillin was purchased from Alfa 
Aesar. 20 mM ampicillin fresh stock solutions were made with 1 mL aliquots used for 
each sample treatment. Quantitative studies were carried out with a sealed capillary of a 
10 mM caffeine solution in D2O as an external standard. GC/MS samples were 
derivatized with BSTFA as described previously. Samples prepared for MS analysis were 
run in deionized water with the majority of the analysis being performed without any 
addition to the solutions. As necessary, samples were diluted 1:20 in MeOH/H2O/Formic 
acid (50/50/0.01) by volume. UV/Vis and fluorescence analysis were performed on 
samples without further dilution. 
1H-NMR spectra and GC/MS studies were carried out using the same methods 
described in Section 2.3.2. An electron spray ionization (ESI) source was used with 
positive ion mode for mass spectrometry analysis on a Thermo-Finnigan LTQ-Fourier 
Transform Ion Cyclotron Resonance (FT-ICR) mass spectrometer. Excitation and 
emission spectra were collected using an Agilent (formerly HP) 8453 UV/Vis 
Spectrophotometer and a Hitachi F-7000 Fluorescence Spectrophotometer, respectively.  
2.4.3 Results and Discussion 
 
The response of AMP solutions with varying plasma treatment times was first 
monitored with NMR spectroscopy. Table 2.4 shows the structure and assignment of the 
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1H-NMR chemical shifts for AMP according to published results.184,185 The first region of 
interest is in the lower range where two singlets are observed from the CH3 protons 
around 1.42 ppm. The second region of interest ranges from 4-6 ppm and includes four 
additional proton signals. It should be noted that these samples were run without 
modification directly after treatment to best understand the plasma treatment process. For 
this reason, signals from the protons on the nitrogen and oxygen species were not visible 
from proton exchange with deuterium. The decrease in the concentration of the AMP 
could be monitored by observable changes in these characteristic regions. 
 
 
 
 The decrease in the AMP concentration was apparent with an increase in plasma 
treatment time and the NMR of AMP versus plasma treatment time is shown in Figure 
2.25 and Figure 2.26. The decomposition of AMP can be observed as it was immediately 
noticeable from the decrease in intensity of the two singlets located at 1.42 and 1.43 ppm. 
Table 2.4 – The structure and 1H-NMR assignments for ampicillin184,185 
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Figure 2.25 – 1H-NMR of AMP solutions in D2O at increasing plasma treatment time 
from 0-180 seconds  
Figure 2.26 – 1H-NMR of AMP solutions in D2O at increasing plasma treatment time 
from 0-180 seconds showing region containing CH3 protons 
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The peaks were also monitored with protons H-4 and H-17, as these are also both 
singlets and had no interference from other peaks overlapping. From the NMR, no 
remaining AMP was observed after 3 minutes of plasma treatment. One apparent change 
of the NMR is the shift of the H-4 proton. This can be attributed to the significant 
decrease in the pH of the solution. The first formation of a new compound was 
determined by the appearance of two new singlets forming at 1.23 ppm and 1.60 ppm. 
These signals occur from modifications close to the two methyl groups, as a major 
change in their environment is causing the further separation of these signals. This was 
attributed to oxidation of the sulfur, as this modification places one of the CH3 groups 
into a cis position with the oxygen and results in a trans-positioning with the other CH3 
group. The methyl group in the cis-position is in closer proximity to the oxygen, which 
causes deshielding and a shift downfield.186 A visible shift in H-4, and even splitting of 
the H-2 and H-6 peaks were caused by this oxidation as well.187 Another species that was 
discernable from the NMR data was the presence of the penicilloic acid of ampicillin. 
This ampicilloic acid was measured by the two singlets located at 1.18 ppm and 1.19 
ppm, representative of the methyl protons, and was found in the stock solution of the 
AMP. This species, however, was not found to be a major product and was not 
continually formed, as might be expected from the hydrolysis of the beta-lactam ring. 
Some hydrolysis of the β-lactam ring was observed and this can be attributed to the 
continuous signals occurring at 1.18 and 1.19 ppm. Oxidation of the ampicilloic acid 
occurred initially at the sulfur position and resulted in separation of the methyl singlets to 
1.27 and 1.51 ppm, as discussed above, however, it is unlikely that this species survived 
for long and this will be discussed further. 
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FTIR studies also verified the formation of the S=O functionality along with the 
breakdown of the β-lactam ring (1764 cm-1) and this work is included in Appendix H.188 
The addition of a caffeine external standard allowed for quantitative monitoring with 
NMR spectroscopy. Integration of the sample signals representative to the external 
standard showed a very linear degradation pattern with respect to increased plasma 
treatment time (Figure 2.27). 
 
 
To better understand this degradation, high resolution mass spectrometry was 
employed. The degradation of ampicillin could be followed with MS with the 
disappearance of the peak at 350.1178 m/z. The first newly formed compound visible in 
the MS data was the formation of the ampicillin S-oxide (366.1116 m/z). The S-oxide 
was further verified with MS by the presence of a peak at 349.0853 m/z that signifies the 
loss of the amine functionality (Figure 2.28). As plasma time increased, the signal at 366 
Figure 2.27 – AMP degradation followed by integration of NMR peaks relative to 
external standard caffeine. 
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m/z also significantly increased with the fragmentation of the amine maintaining a similar 
ratio to the height of the M+ peak.  
 
   
A plasma treatment of 3 minutes showed a significant decrease in the height of 
this peak. Following 5 minutes of treatment, this signal was almost obsolete (Figure 
2.29). This suggests that something else is occurring to the ampicillin S-oxide that 
changes the structure but has the same exact mass. Investigations into the literature 
revealed the presence of a fluorescent compound as a result of ampicillin degradation and 
this was attributed to the formation of ampicillin diketopiperazine. At this length of a 
treatment time, the solutions turned yellow in color.  
 
Figure 2.28 – MS data of 1-minute plasma treated AMP verifying the presence of the 
ampicillin S-oxide. 
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Fluorescence studies were carried out and a clear fluorescence was observed 
(Figure 2.30). This suggests that the Amp-S-oxide undergoes a rearrangement to the 
diketopiperazine form. The formation is possible from the opening of the β-lactam ring 
followed by a ring closure reaction. Further verification was possible by detecting the 
presence of the two signals as a result of the AMP-S-oxide diketopiperazine 
fragmentation at 191.0815 and 176.0498 m/z. The pathway is shown in Figure 2.31. 
Additional verification was monitored using FTIR by the disappearance of the signal at 
1764, representative of the β-lactam carbonyl.188 
 
Figure 2.29 – MS data for (a) 3-minute plasma treated AMP solutions and (b) 5-minute 
plasma treated AMP solutions. 
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Ampicilloic acid (368.1275 m/z) was detectable in minor amounts. From 
increasing plasma treatment times, this peak was never found to significantly increase in 
amount. It suggests that further plasma treatment either did not favor this degradation 
pathway, or additional rapid reactions occur whenever this compound was present. 
Further investigating this with high resolution MS showed that the ampicilloic acid likely 
reacted rapidly in a number of pathways. These suggested pathways are shown in Figure 
2.31 on the right side of the mechanism. It is likely that the newly formed carboxylic acid 
is highly reactive and either fragments to form the new compounds as shown or follows 
the pathway to the formation of the diketopiperazine. If the carboxylic acid is released as 
CO2, this could explain for the large signal at 259.0899 m/z, which has been observed as 
a fragment in previous MS studies in the literature.181 All of this work can be summarized 
by the pathway shown in Figure 2.31. The end structure seems to belong to that of the 
diketopiperazine of the ampicillin s-oxide.  
 
Figure 2.30 – UV/Vis and Fluorescence spectra of 3-minute plasma treated AMP solutions. 
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This work shows the effective degradation of ampicillin with air plasma 
treatment. No ampicillin was found to exist following 3-minutes of plasma treatment 
from NMR studies. A full verification was performed using high-res MS and verified that 
only a minimal amount existed after 3-minutes, however, no AMP was detectible after 5-
minute treatment times. A comparison has been made to other studies in which removal 
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Figure 2.31 – Mechanism of AMP degradation from plasma treatment
Table 2.5 – Compiled investigations into Ampicillin removal for wastewater cleaning 
comparing a variety of methods in comparison to FE-DBD air plasma treatment. 
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of ampicillin has been investigated (Table 2.5). The quickest treatment time of 2 minutes 
for degradation was observed with Fenton and Photo-Fenton reactions that involve an 
iron catalyst with hydrogen peroxide for oxidation of contaminants.176,189 The major 
difference between these treatment methods and the plasma treatment is that the 
concentration used in our studies is more than 60x larger than what was investigated by 
Elmolla and Chaudhuri.189  
2.4.4 Summary 
 
The plasma treatment of ampicillin has provided a deeper understanding into the 
reactions that occur in plasma treated solutions. Ampicillin is a well-studied molecule 
where the degradation is highly understood. These studies utilized NMR and high-
resolution MS to determine the primary degradation products. A proposed mechanism 
showed the formation of ampicillin S-oxide followed by the diketopiperazine of this 
compound. The trend of the sulfur oxidation continued to be observed as the first step in 
the oxidation process. Continuing plasma treatment times led to the further oxidation to 
the sulfone, however, it was not a major product. Additionally, the β-lactam ring was 
subject to hydrolysis and formed ampicilloic acid. This species was found to be fairly 
reactive, as it was not observed in a large amount. It was suggested that ampicilloic acid 
underwent a similar reaction process as observed with the AMP S-oxide. This study also 
provided a potential application into wastewater treatment or for use in hospital settings. 
Antibiotic resistance is becoming an increasing concern as a number of bacteria are 
subject to antibiotics in a larger quantity. This is largely due to the disposal of these 
materials in a less than ideal manner. FE-DBD plasma treatment could be implemented as 
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a cost effective mode of removal of these contaminants without the need for any 
additional chemicals.  
2.5 Conclusions 
 
FE-DBD plasma has been implemented for treatment of water and various 
solutions for a variety of applications. The plasma treatment of water has provided a 
highly antimicrobial mixture that has remained active for extended periods of time. These 
mixtures have been found to be composed of acidic solutions including H2O2, HNO2, 
HNO3, and additional ROS and RNS such as peroxynitrite. The interest of this work is 
that these potent solutions can be created from nothing more than air and water in the 
presence of the FE-DBD plasma. As antibiotic resistance is of grave concern, there is 
much interest into development of new techniques. Plasma-activated solutions could pose 
a potential solution to this problem. Further investigating the use of FE-DBD plasma on 
biomolecule solutions has provided enhanced antimicrobial effects. This work has shown 
that it is dependent on the type of functionalities present that determine the antimicrobial 
effects. This provides a wide-range of potential solutions that could provide antimicrobial 
properties and potentially prevent antimicrobial resistance. Along these same lines, 
antimicrobial resistance could be prevented from further exposure of bacteria to 
antibiotics. The use of FE-DBD plasma was implemented for the degradation of high 
levels of ampicillin and found to be effective following just 5 minutes of plasma 
treatment time. This allows for the potential application for antibiotic degradation in 
either wastewater treatment plants or hospital effluent streams. All of work has also been 
used to explain some of the mechanisms of plasma treatment. The applications have been 
explored on the macro-scale in dermatology, food treatment, and even dentistry, 
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however, the chemistry has not been well studied. This work has taken a step in the right 
direction in attempts to explore some of this chemistry.  
2.6 Future Work 
 
The future work for the FE-DBD plasma treatment projects can be broken down 
into several categories. The first is further investigating the water chemistry to verify the 
presence of the radical species. This could be done using radical traps followed by further 
ESR analysis.  This same principal could be utilized for the biomolecule solutions to 
determine if any additional ROS or RNS are formed from these reactions. To have a 
greater understanding into the breakdown of biological components, larger molecules can 
be investigated such as dipeptides and lipids. These systems could be studied using the 
same methods that have been implemented in this work.  
To further investigate the FE-DBD application for wastewater treatment, a larger 
number of antibiotics and other contaminants could be explored. It would be of great 
importance to target some of the hard-to-remove compounds, as this method seemed to 
be much quicker at removing much larger quantities, which suggests that it could be very 
effective. The major interest in the use of this setup comes from the idea that nothing 
more is needed aside from a power supply and the electrode. It is also true that the hard-
to-remove compounds could be degraded quicker if the atmospheric conditions were 
increased in oxygen content.  
Lastly, additional applications have been explored and need to be further 
investigated. This includes the plasma treatment for fuel applications with either 
degradation of cellulose or synthesis of branched-chain hydrocarbons. The potential for 
changing the atmospheric conditions could provide a variety of applications. The change 
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in the atmosphere could also allow for potential selectivity with these reactions. The use 
of FE-DBD has been investigated in the literature for reduction reactions in the presence 
of a N2/H2 mixture. Our setup could provide a more efficient approach at these types of 
reactions. 
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Appendix A. List of Abbreviations 
 
AFM Atomic Force Microscopy 
AMR Antimicrobial Resistance 
APPJ Atmospheric Pressure Plasma Jet 
BP Black Phosphorus 
CHP N-Cyclohexyl-2-pyrrolidone 
CVD Chemical Vapor Deposition 
DTA Differential Thermal Analysis 
ESI Electro-spray Ionization 
ESR Electron Spin Resonance 
FET Field-Effect Transistor 
FT-ICR Fourier-Transform Ion Cyclotron Resonance 
GC/MS Gas Chromatography/Mass Spectrometry 
HOPG Highly-Oriented Pyrolytic Graphite 
NAC N-Acetyl Cysteine 
NMP N-Methyl-2-pyrrolidone 
PAW Plasma-Activated Water 
PBS Phosphate-Buffered Saline 
PXRD Powder X-Ray Diffraction 
RF Radio Frequency 
RNS Reactive Nitrogen Species 
ROS Reactive Oxygen Species 
SAED Selected-Area Electron Diffraction 
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SBP Substrate Black Phosphorus  
SEM Scanning Electron Microscope 
TEM Transition Electron Microscope 
TMD Transition Metal Dichalcogenide 
UV/Vis Ultraviolet/Visible 
 
 
 
Appendix B. Supporting Information for Exfoliation of BP 
 
  
Appendix Figure 1 - (a) AFM image of mechanically exfoliated BP sample from tape 
method with (b) respective height profile showing 12 nm thickness 
(a) (b) 
188 
 
 
 
 
 
 
Appendix Figure 2 – (a) AFM of mechanically exfoliated BP sample from tape method 
with (b) respective height profile showing 20 nm thickeness 
Appendix Figure 3 - (a) AFM of mechanically exfoliated BP sample from tape method 
with (b) respective height profile showing 13 nm thickeness 
(a) (b) 
(a) (b) 
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Appendix Figure 4 - (a) AFM of characteristic mechanically exfoliated BP sample with 
tape method and (b) respective height profile showing 35 nm thickness on edge and 110 
nm thickness on larger region  
Appendix Figure 5 – Brightfield image of mechanically exfoliated HOPG for 
color/thickness analysis. Circled areas represent areas scanned with AFM. 
(a) (b) 
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Appendix Figure 6 – (a) Brightfield image and (b) respective AFM image of pink, 
yellow, and green colored regions representative of 70 nm, 50 nm, and 40 nm, 
respectively.  
Appendix Figure 7 – (a) Brightfield image and (b) respective AFM image of blue-green, 
and blue colored HOPG samples representative of 25 nm and 10-15 nm thicknesses, 
respectively. 
(a) (b) 
(a) (b) 
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Appendix Figure 8 - (a) Brightfield image and (b) respective AFM image of blue, and 
purple colored HOPG samples representative of 10 nm and 5 nm thicknesses, 
respectively. 
Appendix Figure 9 – (a) Brightfield image of BP sample obtained by mechanical 
exfoliation for color/thickness analysis. Circled area shows region scanned for AFM 
analysis and (b) shows magnified region. 
(a) (b) 
(a) (b) 
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Appendix Figure 10 - (a) Brightfield image and (b) respective AFM image of yellow, and 
light green BP samples representative of 70 nm and 20 nm thicknesses, respectively. 
Appendix Figure 11 - (a) Brightfield image and (b) respective AFM image of a blue-
green BP sample representative of 12-15 nm thick.  
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Appendix Figure 12 - (a) Brightfield image and (b) respective AFM image of a blue BP 
sample representative of 5 nm thick. 
Appendix Figure 13 – AFM images showing oxidation of exfoliated BP samples held in 
air over (a) 48 hrs, (b) 3 days, and (c) 1 week. 
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Appendix Figure 14 – (a) SEM image of oxidized sample following electrical 
characterization in air. (b) Brightfield image of same sample 3 months later showing 
further oxidation. 
Appendix Figure 15 - I-V curve for mechanically exfoliated HOPG sample (100 nm 
thick) showing complete Ohmic character   
(a) (b) 
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Appendix Figure 17 – I-V curve of BP sample described above that was obtained with 
tape method with Ohmic-like behavior from -1 to +1V  
 
Appendix Figure 16 – Bright field images of thick (>100 nm) BP sample exfoliated onto 
the 4 probe electrodes with the tape method (a) before and (b) after oxidation 
(a) (b) 
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Appendix Figure 18 – (a) AFM image of mechanically exfoliated BP sample from tape 
method with (b) respective height profile showing 60 nm thickness 
Appendix Figure 19 – I-V curve showing Ohmic-like character of 60 nm thick BP sample 
described above with inset of brightfield image 
(a) (b) 
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Appendix Figure 20 – (a) Enhanced SEM image and (b) respective AFM image for 10 
nm thick BP sample over gold bar electrodes obtained by mechanical exfoliation with the 
tape method. 
Appendix Figure 21 – I-V curves with various gate voltages for the sample as described 
above. Verifies p-type character as current modulation is greatest effected with negative 
back gate bias. 
(a) (b) 
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Appendix Figure 22 – (a) AFM image of BP sample of green color over 4 probe 
electrodes that is (b) representative of 80 nm thick sample. 
Appendix Figure 23 – I-V curve for 80 nm thick sample with inset of brightfield image. 
(a) (b) 
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Appendix Figure 24 – (a) AFM image of BP over the 4 probe electrodes obtained from 
the tape/drawing method. Sample contains numerous pieces of varying thicknesses 
ranging from 20-45 nm with only a small region actually suspended off the SiO2 layer 
(towards bottom of image). (b) Respective height profile for this sample. 
Appendix Figure 25 – I-V curve for sample above showing even polycrystalline samples 
can retain semiconductor properties. Inset shows respective brightfield image. 
(a) (b) 
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Appendix Figure 26 – (a) AFM image of green colored sample obtained using 
tape/drawing method on the 4 probe electrodes with (b) respective height profile showing 
30 nm thickness  
Appendix Figure 27 – I-V curve of 30 nm thick green colored sample with slight Ohmic 
character in the forward bias region. Inset shows brightfield image. 
(a) (b) 
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Appendix Figure 28 – (a) AFM image of BP sample obtained with tape/drawing method 
and (b) the respective height profile showing 90 nm thickness 
Appendix Figure 29 – I-V curve of 90 nm thick sample with a clearly high contact 
resistance and very low current for relative thickness. Ripples can be attributed to 
possible photoelectric effect. Inset shows brightfield image with green/transparent 
appearance. 
(a) (b) 
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Appendix Figure 30 – (a) AFM image of sample obtained with tape/drawing method on 
the 4 probe electrodes with (b) representative height profile showing 80 nm thickness 
Appendix Figure 31 – I-V curve of 80 nm thick sample with respective inset of 
brightfield image 
(a) (b) 
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Appendix Figure 32 – (a) AFM image of BP sample on gold bar electrodes obtained with 
the tape/drawing method and (b) respective height profile showing roughly 63 nm 
thickness 
Appendix Figure 33 – I-V curve for 63 nm thick BP sample obtained from tape/drawing 
method showing typical BP curve. This sample had a very high current output as a result 
of good contact with the metal surface. Inset shows brightfield image with pink 
appearance. 
(a) (b) 
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Appendix Figure 34 – (a) AFM of BP sample obtained with tape/drawing method across 
gold bar electrodes with (b) respective inset showing 100 nm thickness. 
Appendix Figure 35 – I-V curve of 100 nm BP sample showing strong current in the 
positive bias region approaching +2V. Inset shows brightfield image. 
(a) (b) 
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Appendix Figure 36 – (a) AFM image of BP sample obtained with tape/drawing method 
on gold bar electrodes showing (b) a thickness of 120 nm from the height profile 
Appendix Figure 37 – I-V curve measurement of 120 nm thick sample with inset of 
brightfield image showing pink appearance. 
(a) (b) 
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Appendix Figure 38 – (a) AFM image of sample show in Figure 1.27 with (b) respective 
height profile showing approximately 100 nm thickness. 
Appendix Figure 39 – I-V curve with applied gate from 0 to -5V for exfoliated sample 
from tape/drawing method. Inset shows image of BP sample. 
(a) (b) 
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Appendix Figure 40 – I-V curve of BP1 sample
Appendix Figure 41 – Transfer curves of BP1
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Appendix Figure 42 – I-V curve of BP2 samples obtained using tape/drawing method
Appendix Figure 43 – Transfer curves of BP2
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Appendix C. Supporting Information for Red Phosphorus Thin Film Growth 
Appendix Figure 44 – (a) Enhanced SEM image and (b) respective AFM image of 30 nm 
thick BP sample over gold bar electrodes obtained with mechanical exfoliation.  
Appendix Figure 45 – Additional AFM images of liquid exfoliated BP samples
(a) (b) 
(a) (b) 
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Appendix Figure 46 – (a) Brightfield image of rinsed film and (b) respective AFM image 
with inset of height profile showing 15 nm thickness 
Appendix Figure 47 – Additional TEM image and SAED pattern of amorphous red 
phosphorus thin film 
(a) (b) 
(a) (b) 
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Appendix Figure 48 - Raman spectra of (a) red phosphorus thin film and (b) bulk BP for 
comparison 
 
(a) 
(b) 
212 
 
  
  
 
 
 
 
 
 
 
 
 
 
Appendix Figure 49 - Brightfield images of red phosphorus thin films grown on (a) 300 
nm SiO2, (b) doped-Si, (c) gold, and (d) platinum surfaces  
(a) 
(c) 
(b) 
(d) 
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Appendix D. Supporting Information for Phosphorus Microwires 
  
 
  
 
 
Appendix Figure 50 – SEM images of additional wires grown in sealed ampoules. (a) 
Wire lengths approaching 2 mm with several “urchin-like” structures also observed. 
Residual glass is observed from breaking open the ampoule. (b) Additional long 
phosphorus microwires. 
Appendix Figure 51 – SEM images of repeated experiments representing reproducibility 
of phosphorus microwire growth. (a) Extremely dense network of wires. (b) Image 
showing wire growth exceeding 1 mm in length in repeated study. 
(a) (b) 
(a) (b) 
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Appendix  E. Supporting Information for Pressure Vessel Reactions 
 
  
1 µm
Appendix Figure 52 – (a) TEM image and (b) respective SAED pattern showing high 
crystallinity of sub-micron diameter phosphorus wire. 
Appendix Figure 53 – Brightfield images of hexagon structures grown at 650°C/250 psi 
show (a) preferential growth on the gold substrate (darker color) compared to the SiO2 
substrate (orange-pink color). (b) Appearance of 18-hour reaction on gold substrate. 
(a) (b) 
(a) (b) 
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Appendix Figure 54 – SEM images of some large hexagon structures grown under 
650°C/250 psi for 18 hours on a gold substrate in presence of SnI4 catalyst. 
Appendix Figure 55 – SEM images of control experiments run at 650°C/250 psi in the 
absence of any catalyst. (a) Arbitrary shapes from annealed red phosphorus and (b) 
primarily shows degradation of the gold electrode without the presence of any hexagons. 
(a) (b) 
(a) (b) 
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0.5 µm
200 nm
Appendix Figure 56 – TEM and inset of SAED pattern for hexagon structures showing 
high crystallinity of sample 
Appendix Figure 57 – Additional TEM image of hexagon sample with SAED pattern 
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Appendix Figure 58 – SEM images of violet phosphorus platelets grown from red 
phosphorus films at 700°C/250 psi for 18 hours. 
(a) (b) 
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0.5 µm 200 nm
Appendix Figure 59 – TEM images of violet phosphorus grown at 700°C/250 psi for 18 
hours. (a/b) TEM images of scattered samples. (c/d) High resolution TEM showing 
ordered structures. 
(a) (b) 
(c) (d) 
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200 nm
Appendix Figure 60 – TEM image of polycrystalline violet phosphorus with respective 
SAED pattern shown in the inset. This sample is layered which can be extracted from the 
ripples shown in the image 
Appendix Figure 61 – Raman spectra of rod-shaped structures formed from 700°C/250 
psi with inset of SEM image of this sample. 
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Appendix F. Supporting information for plasma treatment of water 
 
 
Appendix Figure 62 - Rod structures grown from red phosphorus film conversion at 
950°C/500 psi for 6 hours. (a) Brightfield image and (b) SEM images of rod-like 
structures. 
Appendix Figure 63 – UV/Vis spectra of varying concentrations of peroxynitrite in water
(a) (b) 
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Appendix G. Supporting information for plasma treatment of biomolecules 
 
 
Appendix Figure 64 – 1H-NMR of plasma treated L-cysteine solutions for 1, 5, and 10 
minute treatment times showing formation of cysteic acid.  
Appendix Figure 65 – GC chromatogram of 3-minute plasma treated cysteine
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Appendix Figure 66 – MS data from GC peak at 6.986 min in plasma treated cysteine
Appendix Figure 67 – GC chromatogram from 3-min plasma treated glutamine
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Appendix Figure 68 - MS data from GC peak at 2.349 min in plasma treated glutamine
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Appendix Figure 69 - MS data from GC peak at 6.961 min in plasma treated glutamine
Appendix Figure 70 – GC chromatogram of 3-minute plasma treated alanine
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Appendix Figure 71 – MS data from GC peak at 2.354 min in plasma treated alanine
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Appendix Figure 72 – MS data from 2.689 min plasma treated alanine 
Appendix Figure 73 – GC chromatogram of 3-minute plasma treated lysine
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Appendix Figure 74 – MS data from 2.359 min plasma treated lysine 
Appendix Figure 75 – MS data from GC peak at 7.026 min for plasma treated lysine 
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Appendix Figure 76 – FT-IR and NMR analysis of plasma treated NAC. (a) FTIR 
representative of untreated and 3-minute treated NAC. Structure of (b) NAC and (c) 
cysteic acid with representative peaks being highlighted. (d) NMR of untreated and 3-
minute plasma treated NAC. 
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Appendix  H.  Supporting information for plasma treatment of ampicillin 
 
   
 
 
 
 
 
Appendix Figure 77 – 1H-NMR and structure with labeled peaks of ampicillin
Appendix Figure 78 – FTIR of 0, 5, and 10 minute treated AMP. 
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Appendix Figure 79 – High-res MS for 0-minute plasma-treated AMP
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Appendix Figure 80 - High-res MS for 40-second plasma-treated AMP
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Appendix Figure 81 - High-res MS for 50-second plasma-treated AMP
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Appendix Figure 82 - High-res MS for 2-minute plasma-treated AMP
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